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Abstract

Chronic kidney disease of undetermined aetiology (CKDu) is mainly responsible
for the deaths of young males in agricultural lowland regions of Central
America. The aim of this thesis was to advance the understanding of the causes

of CKDu by conducting several different epidemiological research studies.

The systematic review identified a number of cross-sectional studies and
occupational cohort studies with limited follow-up periods, but the findings were

inconclusive regarding the causes of CKDu.

The cohort study described in this PhD thesis is the first community-based
cohort study in the region to evaluate the natural history of disease in
apparently healthy people aged 18-30 years. It collected information about a
wide range of exposure conditions with a questionnaire, biological samples, and
water samples. There was an unparalleled, asymptomatic and very rapid
decline in renal function among 10% of males and 3.5% of females who had
normal renal function at baseline. Meanwhile, the group displaying established
renal dysfunction (mean estimated glomerular filtration rate, eGFR: 58
mL/min/1.73 m?) at baseline showed a slower subsequent decline in kidney
function (3.6 mL/min/1.73 m?/year). A rapid decrease in eGFR was associated

with outdoor work, agricultural work, and a lack of shade during work breaks.

The nested case-control study measured eGFR, and urinary neutrophil

gelatinase-associated lipocalin (UNGAL) at baseline. After adjusting for eGFR,



uNGAL did not improve prediction a rapid decline in kidney function among

individuals who initially presented a normal eGFR.

This is the first study to show that in northwest Nicaragua, 10% of the male and
3.5% of the female population aged 18-30 years showed a very strong decline
in kidney function. Larger community-based and occupational longitudinal
studies with more detailed analyses of exposure data are needed to identify the

cause(s) of CKDu.
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Chapter 1. General background

1.1 Chronic kidney disease

Chronic kidney disease (CKD) is an abnormality in kidney function or structure
that is present for three or more months.['l Kidney function is usually measured
by calculating the estimated glomerular filtration rate (eGFR) from biomarkers
(usually serum creatinine) measured in the blood.”! A moderate to severe
kidney function impairment (stage 3-5 CKD) is defined as an eGFR of <60
mL/min/1.73 m? for at least 3 months.!" In countries such as the US and the UK,
the main known risk factors for CKD are ageing, diabetes, hypertension, obesity

and glomerulonephritis.!"]

1.1.1 Estimated glomerular filtration rate (eGFR)

Several methods have been used for measuring glomerular filtration rate (GFR).
For example, Inulin, lohexol or lothalamate clearance have been frequently
used for measurements of GFR and both methods perform very well. However,
these methods are difficult to implement in field research or clinical practice
because they are invasive, challenging to implement in field and carry risks

some minor adverse effects, etc.

Currently, different equations have been developed to estimate the glomerular
filtration rate based on serum creatinine. The most widely used equations are
Cockcroft-Gault,®! the Modification of Diet in Renal Disease (MDRD)“l and
recently the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation.l’l However, creatinine-based estimates appear to be affected by
different sources of variation such as diet, body mass index (BMI), ethnicity,

medications use, etc.!®!
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Therefore, the international guidelines (Kidney Disease Improving Global
Outcomes (KDIGO)) in 2012 has recommended the use of an additional
marker-based method for eGFR calculation which include cystatin C. Also,
equations use a combination of cystatin C and creatinine which offer an
improved precision and accuracy if compared to creatinine-based estimates
alone using CKD-EPI, particularly at higher kidney function (eGFR: >60
mL/min/1.73m?).[': 2 71 However, this equation has not been validated for Latin-
American population yet.

Table 1: Chronic kidney disease epidemiology collaboration (CKD-EPI)

equation for estimating the GFR based on creatinine, cystatin ¢ and
creatinine and cystatin c[> 7]

Serum Serum
Formula creatinine Cystatin Formula for estimating GFR
and Sex levels C levels

(mg/dL) (mglliter)
CKD-EPI formula for Scr

Male <0.9 eGFR: 141 x (Scr/0.9)°41" x 0.993%%¢ [x 1.159 if black]
>0.9 eGFR: 141 x (Scr/0.9)72%9 x 0.993%%¢ [x 1.159 if black]
Female <0.7 eGFR: 144 x (Scr/0.7)032° x 0.9934%¢ [x 1.159 if black]
>0.7 eGFR: 141 x (Scr/0.9)299 x 0.993%9¢ [x 1.159 if black]
CKD-EPI formula for Scys
I]\C/Iale Ior <08 eGFR: 133 x (Scys/0.8)049 x 0.9969¢ [x 0.932 if black]
emale
I]\C/Iale Ior ~0.8 eGFR: 133 x (Scys/0.8)""-328 x 0.99649¢ [x 0.932 if black]
emale

CKD-EPI formula for Scr and Scys
eGFR: 135 x (Scr/0.9)92°7 x (Scys/0.8)%375 x 0.9959¢ [x
<0.8 1.08 if black]

=09 6GFR: 135 x (Scr/0.9)°297 x (Scys/0.8)971" x 0.995%% [x
>0.8 1.08 if black]
Mal
ale eGFR: 135 x (Scr/0.9)959" x (Scys/0.8)0375 x 0.995/% [x
<0.8 1.08 if black]
>0.9 eGFR: 135 x (Scr/0.9)089 x (Scys/0.8)071 x 0.995% [x
>0.8 1.08 if black]
eGFR: 130 x (Scr/0.7)9248 x (Scys/0.8)%375 x 0.995"9¢ [x
<0.8 1.08 if black]
<0.9
eGFR: 130 x (Scr/0.7)9248 x (Scys/0.8)%7"" x 0.995"9¢ [x
ol >0.8 1.08 if black]
emale
eGFR: 130 x (Scr/0.7)95%" x (Scys/0.8)%375 x 0.9959¢ [x
<0.8 1.08 if black]
>0.9

eGFR: 130 x (Scr/0.7)95%" x (Scys/0.8)%7"" x 0.995"9¢ [x
1.08 if black]

Abbreviations: eGFR: estimated glomerular filtration rate; CKD-EPI: chronic kidney disease epidemiology
collaboration equation; Scr: serum creatinine, Scys: serum cystatin c.

>0.8
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1.1.2 Classification of CKD

Central America has adopted the classification of CKD developed by the United
States National Kidney Foundation as part of KDIGO 2012 criteria.'! CKD is
diagnosed by using both blood and urine markers. It can also be diagnosed
using imaging or biopsy, but these methods are generally not accessible to
much of the population in low- and middle-income countries (LMICs) in
Mesoamerica. An eGFR is calculated using age, sex and biomarkers from the
blood (serum creatinine or cystatin c). Additionally, the amount of protein loss in
the urine (usually albumin) is usually quantified as the albumin/creatinine ratio.
Two measurements recorded at least three months apart are required to
confirm chronicity. Based on the two measurements, CKD is diagnosed and
classified into five stages (see Table 1), including the mild stages (1-2) and

moderate to severe stages (3-5)."!

Table 2: KDIGO 2012 classification of CKD prognosis by eGFR categories
and albuminuria levels!

Albuminuria categories
A1 A2 A3
<30 mg/g 30-300 mg/g | >300 mg/g
Stages eGFR Clinical (normal to (Moderately | (Severely
of CKD categories interpretation mildly increased) | increased)
increased)
G1 >90 Normal
(42]
": G2 60 — 89 Mildly decreased
<
E Mildly to moderately
3 G3a 45 -59
3 decreased
N1 }asssssssssnanaaa
B Moderately to
o
ok G3b 30-44 severely decreased
©
[&]
o G4 15-29 Severely decreased
O}
® G5 <15 Kidney failure

Abbreviations: eGFR: estimated glomerular filtration rate; CKD: chronic kidney disease.

Green: low risk; yellow: moderately increased risk; orange: high risk; and red: very high risk.

17



CKD is often defined solely on the basis of an eGFR<60 mL/min/1.73m?.

However, based on the results from a consortium of international studies

performed primarily in developed nations (the CKD Prognosis Consortium),

proteinuric kidney disease can exhibit the same risks of poor outcomes

(cardiovascular diseases, death and complete renal failure), even if the eGFR is

initially not low.[® 19

1.2 Acute kidney injury

Acute kidney injury (AKI) is defined as a sudden kidney impairment due to an

increase in serum creatinine (Scr) levels of 20.3 mg/dL within 48 hours; an

increase in Scr levels to 21.5 times the baseline value, which is known or

presumed to have occurred within the previous 7 days; or a poor urine volume

of 0.05 mL/kg/h for 6 hours (See Table 2).[]

Table 3: Criteria for the diagnosis and classification of AKI!'"]

Stage Serum creatinine level Urine output
1.5 — 1.9 times the baseline value <0.5 mL/kg/h for 6-12 hours
or

! 20.3 mg/dL (=26.5 ymol/L) increase within 48
hours

2 2.0 — 2.9 times the baseline value <0.5 mL/kg/h for 212 hours
3.0 times the baseline value <0.3 mL/kg/h for 224 hours
or or
an increase in serum creatinine levels to 24.9 | anuria for 212 hours
mg/dL (=2353.6 pmol/L)

3 or

initiation of renal replacement therapy

or

in patients <18 years, a decrease in eGFR to
<35 mL/min/1.73 m?
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1.3 Chronic kidney disease of unknown aetiology

Chronic kidney disease of unknown aetiology (CKDu), also known as
Mesoamerican nephropathy (MeN) when it occurs in Latin America, has
emerged over the last two decades and represents a major public health
problem in rural communities in Mesoamerica.['?'8] This form of CKD is not
associated with conventional CKD risk factors, such as diabetes, hypertension,
glomerulonephritis and obesity.l'5 18211 According to epidemiological studies,
this disease mainly affects (but is not restricted to) young agricultural workers
who live on the Pacific coast and typically work in occupations requiring high
intensity physical activity in hot environments. Clinical and laboratory studies
have shown asymptomatic increases in serum creatinine levels and normal
blood pressure, no or only low-grade proteinuria, hyponatremia, hypokalaemia,
and hyperuricaemia,l'> 18 21271 gnd both tubulointerstitial and glomerular

damage upon biopsy.[?8: 2°]

1.3.1 Prevalence of CKDu

The prevalence of CKDu (as estimated by a SINGLE measure of eGFR<60
mL/min/1.73 m?) is highly variable, depending on the geographic area. It
predominantly affects rural populations, with a prevalence ranging from 13.4%
to 26%, compared to much lower levels in urban populations (0.0% to 9.1%),
where the highest reported prevalence is approximately half the rural
estimates.['5 18-21. 301 Prevalence appears to be lower at higher altitudes (1.2 to

7.5%) than at sea level (0% to 18.5%).[15. 18, 31]

Differences in prevalence with age, sex and certain occupations have also been
observed. Relatively young age groups, e.g., individuals aged 18-40 years,

appear to be particularly affected, with a prevalence rate ranging from 8.1% to
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38.5%. Males are more frequently affected, with the highest estimates ranging
from 13.8% to 42%, compared to females with a range of 5.8% to 22%; the
average male:female ratio is 2:1.1'5 1821, 30, 321 Most affected individuals have
been rural sugarcane workers, with the highest prevalence (13% to 44% for
males),['5: 18 20, 21, 24] followed by miners (19%), and male banana/sugarcane
workers (17%).'31 Construction workers are also affected, with a prevalence of
9%.24 Individuals with other occupations seem to be less affected, e.g., coffee

workers and service workers, with prevalences that do not exceed 7.5%.[1% 18, 31]

A recent publication reported excess mortality due to CKD in the last 16 years
(1997-2013) in Central America. The age-standardized mortality rate increased
in Nicaragua from 23.9 deaths per 100 000 population in 1997 to 36.7 deaths
per 100 000 population in 2013; in El Salvador, mortality increased from 18.7 to
47.4 deaths per 100 000 population in the same period. These rates are
approximately nine and twelve times higher in El Salvador and Nicaragua than

in other countries in Central America.l33!

1.3.2 Potential causes of CKDu

A variety of hypotheses regarding the aetiology and factors contributing to
CKDu in Mesoamerica have been proposed. However, no clear causal
mechanisms have been identified. The leading hypotheses are occupational
heat stress, recurrent dehydration, pesticide exposure, environmental toxin
(heavy metal) exposure, and infectious diseases. The non-occupational
hypotheses include self-medication with NSAIDs, homemade alcohol

consumption, and genetic predisposition.l'? 13l
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1.3.2.1 Heat stress/dehydration

Agricultural and non-agricultural workers in Mesoamerica work under extremely
hot conditions with intense physical demands for long hours each day. Given
these conditions, volume depletion due to recurrent acute or severe dehydration
episodes in sugarcane workers has been proposed to cause subclinical acute

kidney injury (AKI) due to reduced renal blood flow, leading to ischaemia.[4-39

To date, several studies have explored the role of heat-stress/cyclical
dehydration and decreased kidney function. Environmental studies of
sugarcane workers in Costa Rica and El Salvador have shown that at
approximately 9:00 a.m. heat/humidity exceeds the recommendation
(WBGT>27°C) of the Occupational Safety Health Administration (OSHA).122 40.
411 The most common symptoms reported by sugarcane workers have been
headache (71%), tachycardia (46%), muscle cramps in the arms/legs (39%),
dysuria (36%), fever (28%), and nausea (26%).1?! However, scientific evidence
is inconclusive as to whether these symptoms are pathognomonic of heat
stress, either among sugarcane workers, or in workers in other occupations

around the world.

Cross-shift studies among harvesters in El Salvador have shown that
sugarcane workers suffer from an asymptomatic increase in Scr, uric acid, urea
nitrogen, and urine specific gravity levels, as well decreased serum potassium
and sodium levels after their shifts.[??l The post-shift (work time of 4 hours) Scr
levels increased 10%. This change might occur due to a substantial loss of

body water and salt, resulting in vasoconstriction secondary to dehydration.
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However, the absence of differences in haematocrit, serum osmolarity and a
decrease in urinary neutrophil gelatinase-associated lipocalin (UNGAL) levels
after the shift are evidence arguing against a recurrent dehydration-AKI
hypothesis.??l  Similar findings were reported among burnt sugarcane
harvesters in Brazil, where 5 out of 28 (17.8%) workers experienced an
increase in serum creatinine levels greater than 0.3 mg/dL after their work shifts
(compatible with AKI), as well as increases in serum creatine, phosphokinase
and specific urinary gravity levels after the work shift.[*3l In addition, a study
among agricultural workers from California reported an incidence of AKI
(increase in serum creatinine levels 20.3 mg/dL post-shift) of 12% (35/283
workers) among males and females. Of these only 3 workers suffered heat
strain. The main risk factors associated with AKI were an experience of heat
strain (OR: 1.35, 95% CI 1.04-1.74) and piece rate work (OR: 4.24, 95% CI

1.56-11.52).1441

Two prospective occupational studies with short-term follow-up periods
examined the changes in renal biomarkers among cane workers in
Nicaragua.?® 431 The first study reported significant clinical changes in some
kidney biomarkers, such as a 20% increase in the serum creatinine level, a
four-fold increase in UNGAL levels, a 41% increase in BUN levels, and an
approximately four-fold increase in urinary uric acid levels across the harvest
period. Furthermore, participants experienced changes in weight and electrolyte
disturbances (hyponatremia and hypokalaemia), suggesting a volume depletion
due to dehydration.?¥ The authors of the study proposed the crystalluria theory,

which is based on the following assumptions: work under hot conditions with
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poor hydration can produce volume depletion with subsequent salt loss, an
increase in serum osmolarity and a subclinical muscular injury that can induce
high uric acid levels with a low urine pH and crystalluria, followed by tubular
injury.[6-481 However, uric acid crystals have not been observed in renal tissues

from sugarcane workers in El Salvador and Nicaragua.[?8: 29. 49

The second study observed a change in kidney function among sugarcane
workers across the harvest period (6 months). The job categories that
experienced a significant change in eGFR were seed cutters -8.6 mL/min/1.73
m? (95% Cl: -16.7 to -0.5) and water irrigators -7.4 mL/min/1.73 m? (95% CI: -
12.6 to -2.1). However, the eGFR changes among cane cutters (-5.0
mL/min/1.73 m?; 95% Cl: -10.5 to 0.6) and pesticide applicators (-3.8
mL/min/1.73 m?; 95% CI: -9.9 to 2.3) were not statistically significant, although
both jobs are considered to have a very heavy work load and are performed in a
hot environment. Moreover, no changes in eGFR were observed among factory
workers (3.2 mL/min/1.73 m?).4% In addition, cane cutters and water irrigators
experienced approximately two-fold increases in the urinary levels of NGAL and
IL-18. Meanwhile, the NAG level increased in almost all job categories. Only 5%
of cane workers displayed an increase in the urine albumin-creatinine ratio

(UACR) exceeding 30 mg/g.128!

Recently, a small cross-sectional study and a subsequent follow-up study of a
group of cane workers with decreased kidney function (DKF) at late harvest
reported that the prevalence of DKF was 10.4% (34/326) among young

sugarcane workers across the harvest period (median Scr level of 1.64 mg/dL).
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DKF was most common among cane cutters (19%) than among other cane jobs
(2.9%). Twenty-nine workers diagnosed with DKF showed improvements in Scr
levels of 0.39 mg/dL (median Scr level of 1.64 mg/dL to 1.25 mg/dL) during the
first 6 months of follow-up. However, twenty-five of the 29 participants that were
followed 12 months after the baseline experienced a non-significant decrease in
Scr levels of 0.37 mg/dL compared to the previous study visit. In addition, thirty-
eight percent workers (11/29) experienced a dramatic decrease in eGFR
(>30%) during the course of the study. Of these workers, ten workers had an
eGFR <60 mL/min/1.73 m2.5% Based on these results, a group of workers with
chronic CKDu were followed and were diagnosed with AKI simply because they

crossed the threshold of 0.3 mg/dL during the harvest season.

To date, the results from epidemiological studies investigating the relationships
between heat stress exposure, AKI and subsequent CKDu remain inconclusive.
This lack of conclusive data may be due to insufficiently robust heat exposure
assessments, a non-optimal study design or inadequately sensitive biomarkers
to accurately quantify the exposure and effects.l?> 46. 511 To date, the strongest
evidence supporting this proposed mechanism of CKDu has been obtained
from animal models.[“8 521 Thus, more studies in humans are urgently needed to
test these suggested mechanisms, to explore other exposure methods and
potential mechanisms and to study other occupations with similar

characteristics around the globe.

1.3.2.2 Agrochemical exposure
Pesticides have been used intensively and extensively in agriculture to protect

crops from insects and other pests in low-middle-income countries (LMICs).553!
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These chemicals are applied at the ground level (manual backpack sprayers or
hydraulic sprayers) and through aerial spraying; thus, agricultural workers, their
families and the communities surrounding the plantations are directly or
indirectly exposed to pesticides.®® Short- or long-term exposure to pesticides
can induce acute or chronic health effects on various organs, including the
gastrointestinal tract, respiratory system, cardiovascular system, nervous

system and kidneys.[54-57]

Organophosphates (OPs) and organochloride pesticides (e.g., glyphosate, 2,4-
dichlorophenoxyacetic acid, chlorpyrifos and other OPs) have been proposed
as leading or contributing factors to CKDu in Mesoamerica and other
countries.?% 5864 The assumed nephrotoxic effects of these agents are based
on case reports of workers who developed AKI after the intentional ingestion of
dimpylate and methamidophos,® %81 put little experimental data has suggested
a chronic renal tubular cytotoxicity.[®” 68 Eleven epidemiological studies have
examined the associations between pesticide exposure and CKDu in
Mesoamerica, all of which were based on binary variables (yes/no). Only two
studies reported a positive correlation between agrochemical exposure and
CKDu; the first study showed a positive correlation between self-reported
pesticide inhalation and CKD (OR: 3.14, 95% CI: 1.12-8.78), but not other
exposure parameters, such as short- or long-term exposure, exposure
frequency, mixing or applying these chemicals.?'! The second study reported a
correlation between self-reported pesticide exposure, regardless of the

absorption pathway, with CKD (p<0.0001) in a univariate analysis, but not in the
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model adjusted for age, gender, body mass index (BMI), hypertension,

diabetes, and a family history of CKD.[6%

In contrast, a study conducted in a coffee-farming agricultural community found
that pesticide exposure (applying, mixing or both) was not associated with
decreased kidney function among farmers.B'! Similar findings were reported by
Laws, et al., where pesticide applicators in the sugarcane industry did not
experience significant changes in eGFR or uNGAL levels compared to factory
workers throughout the harvest season.®® Thus, uNGAL may not be the

appropriate biomarker to detect damage caused by pesticide exposure.

Recently, a systematic review was conducted investigating the association
between pesticide exposure and CKD. Twenty-one epidemiological articles
were included in the final analysis, and 62% of these studies reported positive
correlations between pesticide exposure and CKD. However, these studies had
methodological limitations due to incomplete adjustments for confounding
factors, selection bias and exposure measurements, and these aspects affected
the study quality. Thus, the evidence for a role for pesticide exposure in CKD

remains inconclusive.62]

1.3.2.3 Heavy metal exposure

Heavy metals that have been associated with kidney damage include lead (Pb),
cadmium (Cd), chromium (Cr), arsenic (As), mercury (Hg) and lithium (Li).
Recently, Tsai, et al. examined the longitudinal associations between cadmium
(Cd), chromium (Cr) and lead (Pb) exposure and changes in kidney function

among Taiwanese adults aged 19-84 years from the National Nutrition and
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Health Survey from 2005-2008. A decrease in eGFR was associated with high
levels of Cr (-5.9 mL/min/1.73 m? 95% Cl: -9.7 to -2.2) and Pb (-6.6
mL/min/1.73 m?; 95% CI: -9.7 to -3.5), but not Cd (2.0 mL/min/1.73 m?; 95% CI:
-3.2 to 7.2), and the trend towards a reduced eGFR was similar among males
and females. However, when the analysis was adjusted for potential
confounding factors (age, education, BMI, smoking, nutrient intake of sodium
and urinary volume) and stratified by tertiles of urinary Cd, levels of urinary Cr (-
12.6 mL/min/1.73 m?; 95% ClI: -20.4 to -4.9) and urinary Pb (-11.2 mL/min/1.73
m?; 95% Cl: -17.0 to -5.4) were both associated with decline in kidney function
only in the highest Cd tertile (>1.02 pg/L). This study suggests an interaction
between levels of Cd and exposure to Pb and Cr in mediating any renal

effects.l70

Similar findings were reported in a cohort study by Harari, et al. (2018),"]
where an increased Pb level (>29 pg/L) was associated with lower eGFR based
on serum creatinine and cystatin ¢ levels (-2.6 mL/min/1.73 m?; 95% CI: -4.0 to
-1.2) or only creatinine levels (-2.9 mL/min/1.73 m?; 95% CI: -4.3 to -1.5). High
lead levels (>29 pg/L) were still associated with a decrease in eGFR over a 21-
year follow-up period after adjusting for an age >58 years, sex, hypertension, a
history of diabetes, waist circumference (>82 cm), smoking and alcohol
consumption.”"! These studies reported positive correlations between Pb and
Cr exposure with kidney function,’® 7!l and these metals have been shown to
induce chronic tubulointerstitial damage and nephrosclerosis due to intranuclear

lead inclusions in studies of tubular epithelial cells in vitro.[?]
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Cadmium poisoning can lead to or contribute to renal dysfunction due to chronic
occupational exposure, contaminated food or an unhealthy lifestyle (smoking).
The effects of Cd on the kidney include impaired proximal tubular cell
reabsorption, which results in increased urinary excretion of tubular proteins.[”3]
Renal damage is characterized by tubular atrophy, chronic glomerular damage,

and interstitial fibrosis.["4

To date, little evidence is available about the potential role of arsenic (As) in
kidney disease. However, As plays an important role in oxidative stress and
inflammation. These two possible mechanisms may drive endothelial
dysfunction and subsequent kidney damage. In addition, long-term exposure to
inorganic As in drinking water (>100 pg/L) was reported to be associated with
kidney damage among a Taiwanese population.[”>! Additionally, urinary levels of
four heavy metals (As, Cd, Hg and Pb) were measured in a renal biopsy study
in Nicaragua.l?®! All of these metals were within the permissible limits for heavy
metals in urine.?8 In summary, knowledge about the roles of heavy metals in

the pathogenesis of CKDu is still lacking.

1.3.2.4 Infectious diseases

The most well-known infectious diseases associated with CKD are human
immunodeficiency virus (HIV), hepatitis B and C virus. However, a list of
zoonotic diseases has been proposed to induce acute kidney injury (AKI),
including dengue, malaria, leptospirosis, and hanta virus. Similar pathogens
have therefore have been suggested to cause CKD in patients with severe

infections.[’6: 771 Furthermore, organisms such as Leptospira have been
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proposed as a cause of CKDu in hotspots in Mesoamerica, Sri Lanka, India,
and other countries, because workers at risk of the disease (sugarcane
workers, miners, rice workers, and agriculture workers) are also at high risk of

exposure to water sources contaminated by infected animals.[8-8]

Several Leptospira outbreaks have been reported since 1995 due to natural
disasters (tropical storms and hurricane) that have hit Nicaragua. The
departments with the highest cumulative incidence rate of leptospirosis were
Ledn with 36.03/10,000 populations (522 cases), Chinandega with 36.03/10,000
populations (305 cases) and Managua 7.60/10,000 populations (175 cases)
from 2004-2010.8" Based on these data, a research group reviewed the
leptospiral serology amongst a number of different occupations and found high
rates of Leptospira infections among prawn workers (109/1000 workers), water
irrigation and drainage workers (62/1000 workers) and cane collectors and cane
cutters (36/1000 workers); however, the authors did not evaluate kidney

function.[”®]

Riefkohl A, et al. (2018), reported a high Leptospira seropositivity among
Nicaraguan cane cutters (59%), water irrigators and seeders (37%). However,
this high seropositivity was not associated with impaired kidney function in
individuals with normal kidney function at pre- and post-harvest assessments.
When using a linear regression analysis to compare sugarcane applicants with
renal dysfunction at the pre-harvest assessment and Leptospira seropositivity, a
suggestive inverse correlation was observed (eGFR mean difference: -10.08,

95% ClI: -24.12 to 3.96), but not for NGAL (mean difference: -1.59, 95% CI: 0.81
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to 3.11), IL-18 (mean difference: 0.84, 95% CI: 0.42 to 1.70), or NAG (mean
difference: 1.44, 95% Cl: 0.85 to 2.43), because the study was
underpowered.”® Thus, the evidence supporting a role for Leptospira infection

in the aetiology of MeN remains limited.

Other studies have examined the association between Leptospira exposure and
kidney disease in East Asia. A community-based survey recruited 3045
participants in Taiwan, with a subsequent follow-up of over two years to
evaluate the risk of CKD in patients with leptospirosis.l®2l The prevalence of
leptospirosis was 33% in this population and 49% among males. A lower
leptospirosis prevalence was found among patients with stage 3-5 CKD (14%)
compared to patients with all stages of CKD (22%). The adjusted linear
regression model showed that a positive reaction for Leptospira antibodies was
strongly correlated with lower eGFR (-3.04 mL/min/1.73 m?, 95% CI: -4.15 to -
1.93), and this correlation remained positive when the analysis was stratified by
diabetes mellitus status. At the end of the follow-up period (2009-2011),
subjects with a high titre of the Leptospira antibody (MAT titre >400) had a
lower eGFR (-13 mL/min/1.73 m?) and a higher KIM-1/creatinine ratio than
subjects with a MAT titre 100-200 and MAT-negative subjects. Thus, chronic
leptospirosis (MAT titre >400) might induce CKD in areas where Leptospira is

endemic.82

Dengue fever can induce AKI, nephrotic syndrome, glomerulopathy and other

tubular abnormalities due to direct damage by immune complexes composed of

antigens and antiviral antibodies. The prevalence of AKI secondary to dengue
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fever ranges from 3.3 to 14.2% among infected adults.[®3-8%1 A prospective
cohort study evaluated the renal outcomes following AKI in patients hospitalized
with dengue. The incidence of AKI was 13.7% (72/526 patients) and 9 of 10
patients (93%) had AKI on the first day of hospital admission; 7% were admitted
to the hospital without AKI and were later diagnosed with AKI. Of these patients,
19 (26.8%) showed a full renal recovery at hospital discharge and the AKI of
thirty-five patients did not recover at the time of discharge. At the end of the
follow-up period (12 weeks), only eight patients (11.2%) did not exhibit a
restoration of kidney function. Finally, the risk factors associated with a poor
renal outcome (<60 mL/min/1.73 m?) were sex (female), older patients, diabetes
mellitus, the use of NSAIDs, a secondary infection, and no recovery upon
discharge.l®® Because CKD is defined as a persistent loss of kidney function
that is documented to persist for more than 3 months, the existing studies of
kidney function in patients infected with dengue are insufficient to assess long-
term outcomes of kidney function. Consequently, researchers have not currently
determined whether dengue is associated with CKD, although suggestive

associations with AKI have been reported.

The scientific evidence regarding an association between chikungunya virus
and AKI has not been well described to date. Recently, a case-control study
among patients with chikungunya in Bangladesh reported that 10% (11/107
chikungunya cases) developed AKI (0.3 mg/dL increase in serum creatinine
levels at hospital admission) during the course of this disease.l®”l Similar
findings were reported by Perti T, et al. (2016), who showed that the prevalence

of AKI was 22% (33 out of 153 patients) among veterans diagnosed with
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chikungunya who presented a high risk of hospitalization (RR, 1.64; 95% CI,
1.33-2.04). The other comorbidities and clinical findings contributing to hospital
admission included CKD, congestive heart failure, diabetes, chronic lung
disease, tachycardia, leucocytosis and a high level of hepatic transaminitis./®8l
However, these two studies have several limitations. First, the results cannot be
extrapolated to other populations because the studies were based on hospital
records and the sample size was small. Second, elderly participants were
recruited, which might increase the risk of complication during clinical course.
Thus, chikungunya virus must be systematically investigated to determine
whether infected individuals in the general population are at risk of developing

AKI.

1.3.2.5 Nephrotoxic medications

Non-steroidal anti-inflammatory drugs (NSAIDs) are associated with AKI and
with accelerating the progression of CKD.[® These drugs decrease the volume
of renal blood flow by reducing prostaglandin synthesis and inducing acute
tubular injury.8% %9 However, a case-control study by Perneger TV, et al. (1994)
found that chronic paracetamol ingestion may be more nephrotoxic than
NSAIDs (ibuprofen/diclofenac), as the authors identified a three-fold increase in
the risk of progression to end stage renal disease (ESRD) in subjects with an
annual intake of paracetamol =366 pills/year. However, a cumulative lifetime
intake of NSAIDs =5000 npills/lifetime was associated with a nearly nine-fold
increased risk of progression to ESRD.P However, although a number of
studies have examined NSAID exposure, none have identified a positive

correlation with CKDu.[®?
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1.3.2.6 Phyto/mycotoxins

A number of researchers have speculated that phytotoxins or mycotoxins are
possible causes of CKDu.!'? '3 Balkan nephropathy (BEN) is now thought to be
caused by consuming wheat grain products contaminated with aristolochic acid
(AA). This disease primarily affects people aged between 30 to 60 years who
live in the rural areas of the Balkans and is characterized by chronic
tubulointerstitial nephritis and a slow progression to ESRD. Patients with this
disease display a high incidence of urothelial cancer after kidney damage
occurred.l®3-91 The Aristolochia species has been identified in Central America,
but to date, increase rates of urinary tract malignancy have not been

reported.l12 76,96, 97]

The mycotoxin Ochratoxin A (OTA) is mainly produced by two Aspergillus
species (A. ochraceus and A. niger) and Penicillium species (P. verrucosum
and P. carbonarius). This molecule causes a wide range of health effects due to
its hepatotoxic, carcinogenic, neurotoxic and nephrotoxic properties. Humans
are exposed through three different routes: dietary intake, dermal contact and
inhalation. OTA-induced kidney damage is described as an enlargement of the
tubular membrane, collagen inclusions, a diffuse density and size of brush
border processes due to oxidative stress and a depletion of intracellular
glutathione followed by apoptosis.l®8-100 Although the histological findings are
similar to MeN,[28. 2949 g5 s the case with AA, the increase in the mortality rate
from CKDu has not been mirrored by increases in death caused by urothelial

cancers, which are known to be caused by OTA. Thus, the -current
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epidemiological evidence does not support a possible role for OTA in

pathogenesis of CKDu.

Finally, the above literature review demonstrated that there is an excess of

CKDu in Mesoamerica and elsewhere. The causes of this disease are still not

fully understood. Table 4 summarises the current knowledge about the most

common risk factors for traditional and non-traditional CKD in Mesoamerica and

South Asia.[!- 12. 13,60, 61, 76, 101-103]

Table 4: Most common risk factors for traditional and non-traditional
chronic kidney disease in different settings

CKD in high income CKD in CKD in Sri Lanka, and
Risk factors
countries Mesoamerica India
Young and middle | Young and middle age
Age Older adults
age adults adults
CKD more common in CKD and ESRD
CKD and ESRD more
Sex women but ESRD more more common in .
common in men
common in men men
Many causes of CKD more
common in certain
. ethnicities (e.g. diabetic i . )
Ethnicity . . . Hispanic South Asian
kidney disease in South
Asians, proteinuric CKD in
African-americans)
More common at Described in the
Altitude No association described

low altitude

lowland dry zone

Socioeconomic status

More common in those of

lower socioeconomic

More common in
those of lower

socioeconomic

More common in those

of lower socioeconomic

status status
status

Family history of CKD Common Common Common
Obesity Common Uncommon Uncommon
Hypertension Common Uncommon* Uncommon*
Diabetes mellitus Common Uncommon* Uncommon*
Kidney stones Well described Uncommon Uncommon
Smoking Common Uncommon Uncommon

Association described in Association o )
Alcohol consumption . ) Association described

some populations described
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CKD in high income CKD in CKD in Sri Lanka, and
Risk factors

countries Mesoamerica India
Nephrotoxic medications . ) ) . .

Described in some regions | Rarely described Rarely described

(e.g. phenacetin)

Nephrotoxins (Ochratoxin
A, Aristolochic acid)

Described in some regions

Not systematically
studied

Not systematically
studied

Heavy metals (cadmium,
lead, mercury, and

arsenic)

Described in some regions

No replicated

associations

No replicated
associations

Infectious diseases
(Leptospira, Hanta virus)

Not described

Not systematically
studied

Not systematically
studied

Not systematically

Not systematically

Low birth weight Well described . .
studied studied
Agricultural
. ) workers (mainly Farmers and paddy
Occupations Not described
sugarcane workers
workers)
Not systematically
Heat-stress Not described Common .
studied
. . . Not systematically
Physical exertion Not described Common .
studied
Dehydration or volume ) Not systematically
Not described Common

depletion

studied

Agrochemicals exposure

Association at a population

level

Not systematically
studied

Not systematically
studied

* Diabetes, hypertension and heavy proteinuria are often used as clinical exclusion for
a diagnosis of CKDu but these risk factors may co-exist in some of those with disease.
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1.4 Thesis rationale, hypothesis, aim and objectives

1.4.1 Thesis rationale

CKDu has emerged as an important public health problem in Mesoamerica
(Nicaragua, El Salvador, Costa Rica, Guatemala and Southern México) and is a
form of kidney disease that is not caused by the traditional risk factors for CKD,
such as diabetes, hypertension, and obesity. This disease is estimated to be
responsible for the death of more than 20,000 young adults in the last three
decades, and this number continues to increase at an alarming rate.[16. 33, 104-106]
The most frequently affected individuals are young sugarcane workers,
subsistence workers, miners, and construction workers who are living on the

Pacific coast of Nicaragua.l'2-14. 104

In addition, CKDu has social implications, because it affects the economically
productive population, is a major cause of disability and limitations to generate
income, increases out-of-pocket medical expenses, and requires other
members in a given family to dedicate part of their time to care for the affected
patient.['%1 Even when health authorities have tried to respond, the actions are
limited, such as a resource-consuming domestic peritoneal dialysis programme

in affected areas, which is implemented in high poverty regions.

The causes and aetiology of this disease are not yet completely understood.
Many hypotheses have been suggested, and the current leading theory is that
the combination of repeated heat stress, dehydration and strenuous work in a

hot environment is a predominant driving factor of disease development.
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Environmental contaminants (heavy metals and pesticides), self-medication and

infectious diseases may also contribute.['2 13,101, 108, 109]

A number of epidemiological studies have assessed the prevalence of CKDu
among young agricultural workers and the general population who live at
different altitudes in Mesoamerica. These studies have identified possible risk
factors for CKDu, but none have been able to identify the cause(s) of this
disease. This lack of causality is perhaps because more than 90% of the
studies have employed a cross-sectional design, which has several limitations.
These limitations include difficultly in determining whether the outcome followed
exposure over time, a susceptibility to low response rate and misclassification
due to recall bias and reverse causation. On the other hand, longitudinal studies
may overcome some of these problems and allow researchers to confirm or

reject the aforementioned hypotheses to help establish causality.

1.4.2 Hypothesis
The hypothesis underlying this work is that CKDu is caused by a combination of
risk factors related to the local agricultural industry, such as recurrent heat

exposure and/or exogenous toxins.

37



The work described in this thesis is part of a larger ongoing programme of work
which aims to understand causation of CKDu using a range of global ongoing

studies. Specific aims of this thesis are as outlined in section 1.4.3.

There are aspects of work not addressed in this thesis which are being done as
part of the larger programme, for instance the cohort described in this thesis is

being expanded at present to investigate further hypothesis of causation.

1.4.3 Aims and objectives

1.4.3.1 Aims of the thesis
The aim of this thesis was to advance the understanding of the causes of CKDu

using a number of epidemiological research studies.

1.4.3.2 Specific objectives
1. To review the current knowledge and gaps in our understanding of the

potential causes of CKDu in the Pacific coast of Central America.

2. To understand which risk factors are associated with the decline of eGFR

among a healthy young population at risk of developing CKDu.

3. To determine if repeated routine creatinine tests combined with baseline
urinary measurements of urinary neutrophil gelatinase-associated lipocalin
(UNGAL) levels can identify the sub-group of individuals at risk of a future

rapid decline in kidney function.
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A systematic review was conducted to achieve the first objective (Paper I).
Peer-reviewed scientific papers were collected from a variety of sources
because epidemiological studies about CKDu have been published in many

different journals.

A community-based prospective longitudinal study was conducted among a
young, apparently healthy population in northwest Nicaragua to achieve the
second objective. The study involved the collection of biological samples (blood,
urine) and water samples, and the administration of a questionnaire that
collected data on a variety of characteristics and exposure factors
(sociodemographic data, current and past occupation, heat stress and pesticide
exposure, lifestyle, self-medication, heat-stress symptoms, etc.) (Papers Il and
lI1). Paper |l specifically discusses the rationale for conducting a community-
based cohort study and describes the main findings obtained at the baseline
study visit. Paper lll investigated the natural history and factors associated with

a decline in kidney function in a high-risk population.

A simple predictive score was created based on our existing community-based
prospective cohort study to achieve the third objective. The purpose was to
determine if repeated routine creatinine tests combined with baseline urinary
measurements of urinary neutrophil gelatinase-associated lipocalin (UNGAL)
levels can identify the subgroup of individuals at risk of a future rapid decline in
kidney function (Paper IV). Table 3 summarizes the objectives and study design

details.
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Table 5: Thesis objectives and study designs

Objectives Paper title Study design Population Data sources Exposure Outcome
What do epidemiological studies tell PubMed Heat stress, dehydration,
To review the current knowledge L .
us about chronic kidney disease of pesticide exposure, NSAIDs, | CKDu
and gaps in our understanding of . . Systematic Adults and
undetermined cause in Meso- EMBASE occupational exposure,
the potential causes of CKDu in the . . ) review adolescents
America? A systematic review and environmental toxins and
Pacific coast of Central America. .
meta-analysis Web of Science infectious diseases
Rationale, description and baseline
findings of a community-based . .
To understand which risk factors i hort studv of kid Young adults aged Sociodemographic data,
) ) ) prospective cohort study of kidney
are associated with the decline of function amongst the young rural between 18 — 30 occupational, workplace Decline in
eGFR among a healthy young . . Prospective ) ) . .
ati t risk of developi population of northwest Nicaragua years without a Primary conditions, environmental, eGFR over
population at risk of developing I i cohort study
CKDu. Decline in kidney function among diagnosis of CKD, lifestyle, and infectious time
apparently healthy young adults at
diabet HT di
risk of Mesoamerican nephropathy 1abetes of 1seases
To determine if repeated routine
creatinine tests combined with Case-control Young adults aged
baseline measurements of urinary Identification of young adults at risk
neutrophil gelatinase-associated of an accelerated loss of kidney study nested between 13 - 30 Seciodemographic data, Prediction
lipocalin (UNGAL) levels can function in an area affected by ina years without a Primary outdoor work and laboratory decline of
identify the sub-group of individuals Mesoamerican nephropathy prospective diagnosis of CKD, results (UNGAL, UACR) eGFR
at risk of a future rapid decline in
kidney function cohort study diabetes or HT

Abbreviations: CKDu: chronic kidney disease of unknown origin;, eGFR: estimated glomerular filtration rate; CKD: chronic kidney disease; HT: hypertension; NSAIDs: non-
steroidal anti-inflammatory drugs, uNGAL: urinary neutrophil gelatinase-associated lipocalin, UACR: urinary albumin-creatinine ratio.



1.4.4 Thesis structure

This thesis includes 6 chapters that are structured into different sections:
background, methods, the results and discussion. This first chapter provides
information about the thesis rationale, hypothesis, aim and objectives. The
specific objectives were addressed by a variety of study designs (Table 3). A
systematic review and formal meta-analysis of the current knowledge of CKDu
in Mesoamerica is presented in the second chapter to complete the background

section (Objective 1).

The third chapter describes the methods, data sources, study populations and
materials used in the community-based longitudinal study over the two-year
period. It also presents the general results obtained at the baseline study visit
(Objective 2). The fourth chapter investigates the natural history of and factors
associated with the loss of kidney function in a high-risk population (Objective
2). The fifth chapter assesses whether repeated routine creatinine tests
combined with baseline urinary measurements of urinary neutrophil gelatinase-
associated lipocalin (UNGAL) levels can identify the sub-group of individuals at
risk of a future rapid decline in kidney function among an apparently healthy

young male population in Nicaragua (Objective 3).

Finally, the sixth chapter summarizes and discusses the main results of each

study, describes the strengths and limitations of the thesis and considers the

implications for clinical practice and future research on this topic.
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Chapter 2. Systematic review of the current knowledge and gaps in the

knowledge of chronic kidney disease of unknown origin.

2.1 Introduction to paper |
This paper was published in Clinical Kidney Journal (CKJ) and presents a
systematic review and meta-analysis of the current epidemiological evidence

and gaps in our knowledge of CKDu in Mesoamerica.

Twenty-five epidemiological studies were included in this analysis of risk factors
for CKDu. Studies included participants of different ages who were living in
diverse communities, mostly at sea level. Overall, the assessment of the quality
of the epidemiological studies was medium. The quality of the occupational and
community-based studies was affected by a substantial lack of follow-up data,
potential for reverse causation, a lack of complete adjustment for confounding
factors and the use of single measurements of serum creatinine to diagnose
CKDu. The principal risk factors associated with CKDu were male sex, a family
history of CKD, lowland altitude, and high water-intake. Also, sugarcane work
appears to be associated with an elevated risk of CKDu in Mesoamerica.
However, in this review, no positive correlations between pesticide exposure,

NSAIDs, alcohol consumption, heat stress and CKDu were identified.

The study search strategies, inclusion and exclusion criteria, study quality

assessments and funnel plots mentioned in the paper as supplementary

material are included in this chapter.

42



2.2 Research paper cover sheet

RESEARCH PAPER COVER SHEET

PLEASE NOTE THAT A COVER SHEET MUST BE COMPLETED FOR EACH RESEARCH
PAPER INCLUDED IN A THESIS.

SECTION A - Student Details

Student Marvin Gonzalez-Quiroz

Principal Supervisor Dorothea Nitsch

Occupational kidney disease among young populations
in northwest Nicaragua

Thesis Title

If the Research Paper has previously been published please complete Section B, if not
please move to Section C

SECTION B — Paper already published

Where was the work published? Clinical Kidney Journal

When was the work published? 2018

If the work was published prior
to registration for your research
degree, give a brief rationale for
its inclusion

No

Was the work
Yes subject to academic | Yes
peer review?

Have you retained the copyright
for the work?*

*If yes, please attach evidence of retention. If no, or if the work is being included in its published
format, please attach evidence of permission from the copyright holder (publisher or other
author) to include this work.

SECTION C — Prepared for publication, but not to date published

Where is the work intended to be
published?

Please list the paper’s authors in
the intended authorship order:

Stage of publication Choose an item.

SECTION D — Multi-authored work

43



For multi-authored work, give full details of your
role in the research included in the paper and in
the preparation of the paper. (Attach a further
sheet if necessary)

| led the study design under the guidance
of my supervisors D. Nitsch, B. Caplin
and N. Pearce. | conducted the literature
search, study selection, data extraction,
quality assessment and data analysis. D.
Nitsch screened a sample of 45 randomly
selected titles and abstracts. | wrote the
manuscript by following the advice
provided by my supervisor. The
manuscript was peer-reviewed, and |
incorporated suggestions from reviewers
into the final version

Student Signature:

Date: _October 7/2018

Supervisor Signature: M Date: _ October 7/2018

2.4 Evidence of copyright retention

Rights retained by Clinical Kidney Journal

/

This is an Open Access article distributed under the terms of the Creative

Commons Attribution Non-Commercial License (http://creativecommons.org/

licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and

reproduction in any medium, provided the original work is properly cited. For

commercial re-use, please contact journals.permissions@oup.com

44



2.5 Research paper cover sheet: What do epidemiological studies tell
us about chronic kidney disease of undetermined cause in Meso-

America? A systematic review and meta-analysis

45



CLiNIcAL KIDNEY JOURNAL

Clinical Kidney Journal, 2018, vol. 11, no. 4, 496-506

[ ]
aa doi: 10.1093/ckj/sfx136
Advance Access Publication Date: 8 December 2017
OXFORD Original Article
Pr———
——

ORIGINAL ARTICLE

What do epidemiological studies tell us about chronic
kidney disease of undetermined cause in Meso-America?
A systematic review and meta-analysis

Marvin Gonzalez-Quiroz"*, Neil Pearce®*, Ben Caplin® and

Dorothea Nitsch?

'Research Centre on Health, Work and Environment (CISTA), National Autonomous University of Nicaragua
at Leén (UNAN-Ledn), Ledn, Nicaragua, *Department of Non-Communicable Disease Epidemiology, London
School of Hygiene and Tropical Medicine, London, UK, *Centre for Nephrology, University College London,
London, UK and “Centre for Global NCDs, London School of Hygiene and Tropical Medicine, London, UK

Correspondence and offprint requests to: Marvin Gonzdlez-Quiroz; E-mail: Marvin.Gonzalez@lshtm.ac.uk or marvin9_00@yahoo.es

Abstract

Background: The aim of this systematic review is to examine the epidemiological knowledge and gaps in understanding of
the potential causes of chronic kidney disease of undetermined cause (CKDu) in Meso-America.

Methods: A systematic literature search of epidemiological studies of CKDu was conducted in PubMed, Embase and Web of
Science from January 2000 to January 2017. Study quality was assessed by adapting the tool from Higgins et al. for
observational studies. Where applicable, the summary prevalence odds ratio (POR) and 95% confidence interval (CI) were
calculated using a random effects model.

Results: Twenty-five epidemiological studies were included in the analysis of risk factors for CKDu. The quality assessment
of each occupational and community study was medium. The PORs for CKDu were males versus females 2.42 (95% Cl 1.76-
3.08), family history of CKD (versus none) 1.84 (95% CI 1.37-2.30), high water intake (versus low) 1.61 (95% CI 1.01-2.21) and
low altitude (versus highland) 2.09 (95% CI 1.00-3.17). There were no significant associations between CKDu and pesticide
exposure (versus no) 1.17 (95% CI 0.87-1.46), alcohol consumption (versus no) 1.34 (95% CI 0.84-1.84), non-steroidal anti-
inflammatory drugs (versus no) 0.9 (95% CI 0.60-1.39) and heat stress (versus no) 1.52 (95% CI —0.91-3.95).

Conclusion: Our meta-analysis showed positive associations for males (versus females) and family history of CKD, water
intake, lowland altitude and CKDu. There were no significant associations with pesticide exposure, non-steroidal anti-
inflammatory drugs intake, heat stress and alcohol consumption.
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Introduction

Meso-American nephropathy (MeN), also known as chronic kid-
ney disease of undetermined aetiology (CKDu), is a growing
public health problem and young agricultural workers of the
Pacific coast of Meso-America have been the most affected
group [1-3]. There was an increased recognition of this problem
by researchers, universities and policymakers after 2000 due to
a marked increase in mortality and morbidity [4].

Three years later, the Program on Work and Health in
Central America (SALTRA) organized the first regional workshop
on chronic kidney disease (CKD); this reviewed available data,
including several studies that showed increased risks for CKD
among sugarcane workers and high mortality related to CKD in
particular areas in Nicaragua and El Salvador [4]. In 2014, the
Pan American Health Organization classified CKDu as a major
public health problem in Central America that requires urgent,
effective and concerted multisectoral action [5].

In the last 10 years, several narrative reviews about CKDu
have been published [6-9]. None of these have conducted a for-
mal meta-analysis and there was no systematic assessment of
the quality of the available evidence considering inherent limi-
tations within the design and analyses of available epidemio-
logical studies. The purpose of this study is therefore to
formally examine the epidemiological knowledge and gaps in
understanding of the potential causes of CKD of undetermined
cause in Meso-America.

Materials and methods

Research strategy

We searched on PubMed, MEDLINE, Embase and Web Science to
identify all original research that had been published between
January 2005 and January 2017 reporting prevalence and
mortality of CKDu in Meso-America. Search terms included a
combination of text words and headings for ‘Meso-American
nephropathy’, ‘decreased kidney function’, ‘chronic kidney dis-
eases of unknown cause’, ‘chronic kidney disease of non-
traditional cause’, ‘agricultural’, ‘pesticide exposure’, ‘heat stress’,
etc., were used. The full search strategy is outlined in the
Supplementary Material (Supplementary data, Tables $1-S3).

Inclusion and exclusion criteria

The search was limited to ‘adolescent and adult human beings'
and only papers published in English and Spanish languages
were considered. The search was restricted to studies conducted
in Meso-America (Central America and Mexico). The exposures of
interest included heat stress, dehydration, pesticide, non-steroi-
dal anti-inflammatory drugs (NSAIDs), workplace conditions,
environmental toxins and infectious diseases. The outcomes of
interest included the reduced estimated glomerular filtration rate
(eGFR), elevated serum creatinine {SCr) and CKD of undetermined
cause. A wide range of study designs were assessed, including
cross-sectional studies, case-control studies, retrospective or pro-
spective cohort studies and ecological studies. We excluded ani-
mal studies, editorials, systematic reviews and case reports
(Supplementary data, Table S4). However, systematic reviews
were used to manually search for references.

Selection process

All titles and abstracts were examined by one reviewer (M.G.-Q)
according to the above inclusion criteria. Any disagreement of
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some marginal cases were discussed between M.G.-Q,, B.C. and
D.N. After review of the titles and abstract were independently
reviewed by two authors (M.G.-Q. and D.N.). All full-text articles
were assessed independently using the same criteria and
included if both reviewers recommended inclusion. A second
reviewer (D.N.) checked a sample of 45 titles and abstracts
selected randomly after duplicated articles were removed.
Agreement between authors was quantified by j-statistic
calculation.

Data extraction and quality assessment

A standardized data extraction form was used by M.G.-Q. to
extract study characteristics: authors, study design, year, coun-
try, sample size, altitude, exposure and outcome definitions,
main findings, strengths and limitations and confounding fac-
tors. Any difficulty in data extraction was discussed by joint
review of the original papers.

Quality was assessed for each selected study using standard
quality assessment tocls for trials [10] that we adapted for
observational studies. Studies were assigned a high, low or
uncertain risk according to the following criteria: selection bias,
non-differential measurement error for exposure and outcome,
information bias in exposure and outcome, confounding and
reverse causation.

Data synthesis and analysis

We reviewed the exposure and outcome definitions and
reported risk factors in each study. Where there were several
studies with similar exposure definitions, data were included in
arandom effects meta-analysis for the respective exposure and
CKDu and displayed in a forest plot. Funnel plot analysis
and Egger's test were performed to detect publication bias and
P < 0.05 was considered significant.

The across-study heterogeneity was estimated by using
Cochran's Q-statistic and calculating the proportion of total var-
iability explained by heterogeneity (1% described by Higgins et al.
[10]. ALl analyses were performed using Stata version 14
{StataCorp, College Station, TX, USA).

Results

The two reviewers had excellent agreement (Cohen’ s x = 1) on
study inclusion after review of abstracts and titles. We identi-
fied 131 epidemiological studies on CKDu, of which 43% (56
papers) were duplicate studies using the same dataset. In addi-
tion, 53 studies did not meet the inclusion criteria and 3 were
included by manual search, leaving 25 studies for the present
systematic review (3 longitudinal occupational studies, 2 cross-
sectional occupational studies, 14 community cross-sectional
studies, 3 case-control studies and 3 ecological studies) (Fig. 1).
The included studies were conducted from January 2000 to
January 2017.

Occupational studies mainly assessed how occupational risk
factors in the workplace were associated with an eGFR cross-
sectionally or a subsequent decline of eGFR across harvest or a
single cross-shift in younger sugarcane workers (Table 1). For
many risk factors there is only one estimate per risk factor in
each study (Supplementary data, Table S5).

We identified only two longitudinal community studies. One
involved follow-up of eGFR measurements in the subgroup that
previously had abnormal SCr results, thus incident disease was
not captured [16]. For the other study, cnly baseline data are
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Fig. 1. CKD of undetermined cause (eGFR <60mL/min/1.73 m?, systematic review according to the Preferred Reporting Items for Systematic Reviews and Meta-

Analyses diagram.

available [17]. Most of the community-based studies were of
cross-sectional design and recruited participants from different
age groups and explored a variety of exposures. Two-thirds of
these used a similar outcome definition for kidney function
involving calculating an eGFR (<60 ml/min/1.73 m? using the
Modification of Diet in Renal Disease [18-25] or CKD
Epidemiology Collaboration formula to quantify the prevalence
of CKDu in the most affected regions [11-15, 26-28] (Table 2).
Prevalence data among 14 cross-sectional community studies
are confounded by age, as people with different ages were
included, but overall more men than women were affected (Fig.
2). It was not possible to report an age-standardized CKDu prev-
alence because a breakdown of the findings by age was not
available for most studies.

The quality of three longitudinal occupational studies was
affected by severe loss of follow-up {up to 50%) during the
study period, either due to changes in role or redundancy [11-
13] (Table 3 and rationale in Supplementary data, Table S6).
One cross-sectional occupational study [15] and cross-
sectional community-based studies [23-25, 31, 32] had incom-
plete adjustment for confounding and reverse causation. One
case-control study suffered from selection bias of participants,
because researchers used improper procedures for selecting
their cases and controls (volunteer participations at clinics)
{Table 4). Many cross-sectional studies were limited to single
measurements of creatinine, thus not fulfiling the chronicity
criterion for CKD. Furthermore, the quality of three ecological
studies was potentially affected by unmeasured confounding

factors and within-regions variability in exposure and
disease classification (outcome) ({Table 4 and rationale in
Supplementary data, Table 57).

Sufficient data for meta-analysis were available for a subset
of risk factors: male sex, family history of CKD, water intake,
pesticide exposure, alcohol consumption, self-medication with
NSAIDs, heat stress and altitude. These were from 10 cross-
sectional community studies and 3 case-control community
studies. In the meta-analysis, eight cross-sectional community
studies showed positive associations between male and
eGFR <60 mL/min/1.73 m? {prevalence odds ratio [POR] 2.42 [95%
confidence interval (CI) 1.76-3.08]; Cochran's Q-statistic
P = 0.056, I = 49.0%}. Three studies showed strong associations
between family history of kidney disease and eGFR <60mL/
min/1.73 m? [POR 1.84 (95% CI 1.37-2.30); Cochran's Q-statistic
P = 0.947, I* = 0.0%]. For high water intake and eGFR <60 mL/
min/1.73 m? the POR was 1.61 (95% CI: 1.01-2.21; Cochran's Q-
statistic P = 0.511, I = 0.0%) and for lowland altitude (versus
highland) it was 2.0 (95% CI 1.00-3.17; Cochran’s Q-statistic
P=0272 1= 23.3%). The pooled POR for pesticide exposure
was 1.17 (95% CI 0.87-146; Cochran's Q-statistic P = 0.537,
I* = 0.0%) (Fig. 3). The summary estimate for alcohol consump-
tion (yes versus no) was 1.34 {35% CI 0.84-1.84; Cochran's Q-sta-
tistic P = 0.088, I = 45.5%), for NSAIDs intake (yes versus no)
and eGFR <60 ml/min it was close to 1 [POR 0.99 (95% CI 0.60-
1.39); Cochran’s Q-statistic P = 0.399, I* = 0.0%] and for heat
stress exposure (yes versus no) it was 1.52 (95% CI —0.91 to 3.95;
Cochran’s Q-statistic P = 0.065, I* = 70.6%) {Supplementary data,
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Fig. 2. Forest plot of all prevalence of chronic kidney disease of undetermined cause (eGFR <60 ml/min/1.73 m% by age group and sex from 14 cross-sectional cormmun-

ity studies identified.

Fig. S1). A forest plot of occupation was not included because
each study used different reference categories.

We tested for publication bias for sex, pesticide exposure and
alcohol consumption risk factors. The funnel plot for studies that
have assessed the above risk factors provides evidence for poten-
tial publication bias for pesticide exposure and alcohol consump-
tion (P < 0.014 and P < 0.048, respectively) (Supplementary data,
Fig. 2).

Discussion

We found 25 epidemiological studies that estimated the preva-
lence and assessed risk factors for CKDu in Meso-America. Cur
meta-analysis found a clear positive association between male
sex, family history of CKD, high water intake, lowland altitude
and reduced eGFR <60mL/min/1.73 m* There was no evidence
for associations with pesticide exposure, NSAIDs intake, alcohol
consumption and heat stress. The quality of cross-sectional
studies was medium due to the potential for reverse causality,

incomplete adjustment for confounding factors and the use ofa
single SCr measurement. Longitudinal occupational studies
were affected by severe loss of follow-up.

A major issue impacting the quality of all the studies exam-
ined is that CKDu prevalence was estimated using a single SCr
measurement rather than two measurements at least 3 months
apart [36]. In affluent countries, a single measurement is fre-
quently used to estimate the prevalence of CKD, as the intra-
individual variability of creatinine under stable conditions is
only a few percent. However, in a hot setting there is consider-
able seasonal variation and variation depending on work pat-
terns and dehydration status; therefore, depending on when
people are measured, they may have short-term fluctuations of
creatinine that are far more pronounced thanin cooler settings.
Also, creatinine elevation can occur due to variations in factors
such as exercise, muscle mass and diet. These factors may not
only affect variability within individuals, but may also bias com-
parisons across populations studies, since each study may over-
or underestimate kidney function depending on the season and
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Table 3. Quality assessment of occupational studies {(n—5)*
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Selection Selection

bias:
participation follow-up

Studies exposure

bias: loss of misclassification bias of

Non-differential Information Non-differential Information

Reverse
Confounding causation

misclassification bias of

exposure  of outcome outcome

Cohort studies
Wesseling et al. [11]

Laws et al. [12]

Laws et al. [13]
Cross-sectional studies
Wesseling et al. [14] N/A

Garcia-Trabanino et al. [15] N/A

*Green bars: low risk of bias; yellow bars: mediurmn risk of bias; red bars: high risk of bias.

N/A, not applicable.

Table 4. Quality assessment of community-based studies {n—20)%

Selection Selection  Non-differential Information Non-differential Information
bias: bias: loss of misclassification bias of misclassification bias of Reverse
Studies participation follow-up exposure exposure  of outcome outcome  Confounding causation
Cohort studies
Gonzalez-Quiroz et al. [17] N/A
Minnings et al. [16] -
Cross-sectional studies
Orantes-Navarro et al. [24] N/A N/R N/R N/R
Kupferman et al. [27] N/A
Orantes-Navarro et al. [31] N/A
Lebov et al. [29] N/A
Vela et al. [25] N/A
Orantes et al. [23] N/A
Peraza et al. 28] N/A
Lauxet al. [21] N/A
Orantes et al. [22] N/A
Torres et al. [18] N/A
Gonzalez-Quiroz [30] N/A

Garcia-Trabanino et al. [32] - N/A

Case-control studies

Raines et al. [26] N/A
O'Donnell et al. [20] N/A
Sanoff et al. [19] B
Ecological studies

Wesseling et al. [33] N/A
Laux et al. [34] N/A
VanDervortet al. [35] N/A

*Green bars: low risk of bias; yellow bars: medium risk of bias; red bars: high risk of bias.

N/A, not applicable; N/R, not reported.

setting of fieldwork or biological variation in the production of
creatinine. In addition, creatinine levels may also be affected by
‘fixed’ factors such as ethnicity, which may also bias compari-
sons between populations.

The longitudinal cccupational studies were affected by a
loss of follow-up of up to 50% of their participants. This severely
compromises study validity because those with CKDu are more
likely to not be followed up [11-13]. Occupational studies are
used to increase the power of a study when it is thought that a
particular occupational expesure causes a problem. However, in
the context of CKDu, it is not yet entirely clear whether occupa-
tion is the only risk factor or whether there are other risk factors

that predispose young men to CKDu when they start working in
sugarcane. Overall, considering the differential loss to follow-up
of occupational studies, community cohorts have many advan-
tages compared with occupational studies since they represent
the entire risk population {workers from all occupations and
both genders) and an assessment of environmental exposures
at home [17].

Ecological studies may be affected by variability within
regions in exposure and disease classification and by unmeas-
ured confounding factors [33-35]. CKD mortality rate may vary
across regions because of misclassification either of the cause
reported by death certificate or by better case detection.
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A Sex (maie vs female) B
Family history of CKD (Yes vs No)
Author Prevalence Odds Ratio (95% CI)
Author Prevalence Odds Ratio (95% Ci)
Lebov J, et al (2015) . 347 (250, 4.80)
Laux T, etal (2012) 155 (0.85, 2.86)
Raines N, et al (2014) —a——— 651234, 1874) Sanolt S, ot al 2010) e 1s1080,35)
O'Donnell J, et al (2010) 1,88 (1.16,3.05) :
Sanof S, et al (2010) -— 400 (1,54, 10.34) Orantes C, et al (2014) —6— 190 (1.13,2.36)
Olaies Oy ot (2016) 60 290;4.90) Orantes C, etal (2011) —e——  172(1.05,289)
Orantes C, ot al (2014) 1.90 (1.14,2.44) :
Orantes C, et al (2011) 225(1.00,5.05) Overall (I-squared = 0.0%, p = 0.947) O 1.84 (137, 2.30)
Overall (-squared = 49.0%, p = 0.056) o 242(1.76,3.08) :
Wi s el NOTE: Woights are from random eflects analysis
T T T
187 o1 187 A% 0 1
Eflect Estimate (POR) Effect Estimate (POR)
D Atitude (Lowiand vs Highiand)
Water intake (High vs Low)
Odds Ratio (95% C1) Author Prevalence Odds Ratio (95% Cl)
T 1820100,269 O'Donnell J, et al (2010) 2.04(1.06,3.93)
Gonzalez-Quiroz M. (2010) 146 (079, 261) Parmayetal @012 1:90,{1.20;3.50)
Sanol' S, et al (2010) e am1s2049) Garcia-Trabanino R, et al (2005) ———————— 804(353,1829)

Overall (l-squared =0.0%, p = 0.511) 1.61(1.01,221) Overall (I-squared = 23.3%, p = 0.272) 2,09(1.00,3.17)
NOTE: Weights are om random eflecs analysis. NOTE: Weights a%e trom random eflects anayss
T Tt T T T T
846 01 8.46 -183 01 183
Effect Estimate (POR) Effect Estimate (POR)

E  Pestcide exposure (Yes vs No)

Author Prevalence Odds Ratio (85% C1)
Laux T, etal (2012) ‘ 1.09 (0.60, 1.98)
Raines N, ot al (2014) e 3.14(1.12,878)
ODonnelJ, et al (2010) e 185 (0.84, 4.57)
Sanof' S, et al (2010) 138 (090, 2.11)
Gonzalez-Quiroz M. (2010) 138(0.71,267)
Orantes C, ot al (2014) 260 (1.23,5.44)
Orantes C, et al (2011) 1.23(0.66, 230)
Garcia-Trabanino R, et al (2005) 079 (0.42, 1.47)
Overall (-squared = 0.0%, p = 0.537) 1.17(0.87, 1.46)
INOTE: Weights are from random offects analyss
78 a7

Fig. 3. Forest plots of association with (A) sex, (B) family history of CKD, (C) water intake, (D) lowland altdtude and (E) pestcide exposure estimates associated with CKD
of undetermined caused (eGER <60 mL/min/1.73 m?). Black diamond data markers express PORs; horizontal lines are the 95% Cls; grey square marker size indicating
the statistical weight of the study using the random effects meta-analysis. A diamond data marker denotes the overall POR and 95% for the outcome of interest.

Moreover, environmental temperature may be different
within regions or areas due to varability in seasons and
altitude. Finally, the lack of control for confounders have
been an Achilles heel for ecological studies, even on the
assumption that all variables have been accurately measured
for all groups at a national level, basically due to the analysis
strategy, which cannot completely remove bias due to the
confounder.

Epidemiological studies have underlined many potential risk
factors for CKDu, including male sex, occupation, high ambient
temperature, self-medication with NSAIDs, altitude, exposure
to heavy metals or pesticides and genetic susceptibility [11, 13-
15, 18, 28]. While owr systematic review could confirm the

association with male sex, none of the other suggested risk fac-
tors were sufficiently well studied to conclusively prove or dis-
prove their role. The most commonly cited working hypothesis
for this disease has been heat stress causing repetitive episodes
of dehydration in agricultural and non-agricultural workers due
to working under heat stress and high humidity [15, 37], which
may result in acute kidney injury (AKI) secondary to hypoperfu-
sion or rhabdomyolysis [38]. However, although this hypothesis
has been explored in an experimental study that suggested that
dehydration and hyperosmolarity may induce tubular injury via
activation of the polyolfructokinase pathway in the kidney [39],
there have been no corresponding data in humans to support
this hypothesis.

54



Our meta-analysis has identified positive associations of
high water intake and CKDu in two cross-sectional community
studies [29, 30] and one case-control study [19]. The study
authors’ interpretation of these findings was that high water
intake could be a proxy for exposure to heat stress and volume
depletion during the workday secondary to high exertion and
sweating [11, 14, 15, 40]. Some authors hypothesized that high
water intake means that study participants drank more water
trying to compensate for fluid deprivation, but that this is not
encugh to recover their hydration status [11, 14, 15]. Other
authors have suggested that these associations are driven by
intake from contaminated water sources (with pesticides or
heavy metals) in the affected areas [41, 42]. An alternative inter-
pretation could be reverse causation due to underlying kidney
damage, in that those with kidney damage are unable to con-
centrate their urine and therefore need to drink more to not feel
thirsty. To address the issue, it will be important to conduct
more longitudinal studies to gain better insight into this
association.

Pesticides are used extensively in Meso-America. Farmers in
the cooler highland regions use pesticides similarly to farmers
in coastal regions, yet CKDu prevalence is much lower at higher
altitudes [15, 20-23, 26, 30]. Most of the studies that suggest a
possible association between AKI and exposure to organochlor-
ides, paraquat, 2 4-diclorophenoxyacetic and glyphosate have
been conducted in animals [43, 44]. A single prospective cohort
study among male licensed pesticide applicators in the USA
reported an association between end-stage renal disease and
exposure-response and increasing accumulated lifetime days
in pesticide exposure and non-exposure for some herbicides
such as alachlor, paraquat, pendimethalin, atrazine, permethrin
and metolochlor [45]. The principal limitation of existing epide-
miological studies is that exposure has been assessed using cat-
egorical questions {yes and no) and not by quantifying the
pesticide residues in urine or blood [14, 19, 20, 26, 32]. Our find-
ings suggest selective reporting of studies supporting an associ-
ation with CKDu. Overall, the evidence about pesticide exposure
and CKDu is still inconclusive.

Genetic predisposition may play a role in the CKDu epi-
demic, as some studies, and our meta-analysis, have suggested
a positive association between family history of CKD and CKDu.
Although CKD in general shows a high heritability of disease,
suggesting familial clustering of risk factors, these have not
been explained by genetic association studies [46, 47]. A positive
association with family history of CKDu may simply be due to
children who lost parents to CKDu or living in rural areas start-
ing to work earlier in sugarcane or agriculture to support their
household income.

Our systematic review has strengths and limitations. To our
knowledge, this is the first systematic review that included a
meta-analysis and evaluated the study quality of each epide-
miological study by using a pre-specified tool adapted from
Higgins et al. [10] for observational studies. Second, we included
a broad definition of CKD of unknown aetiology and a variety of
exposures. The main limitations of the review are that the avail-
able evidence on CKDu is overall patchy and inconclusive.

In summary, apart from male sex, positive family history,
high water intake and lowland altitude, existing studies have
been inconclusive with regards to potential risk factors for
CKDu, such as pesticide use, NSAIDs, heavy metals, alcohol
consumption, heat stress and dehydration. Longitudinal
community-based studies are needed to address problems of
reverse causality (as per existing cross-sectional studies) as well
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as differential loss to follow-up (as per existing occupational
studies).
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2.6 Supplementary material

Supplementary table 1: PubMed search strategy.

Search

Results

Search type

("Kidney Diseases"[Mesh] OR "Chronic Kidney
Disease"[tiab] OR "chronic kidney disease"[tiab]
OR "chronic kidney diseases"[tiab] OR "chronic
renal disease"[tiab] OR "chronic renal
diseases"[tiab] OR ckdu[tiab])

462868

("Mesoamerican Nephropathy"[Mesh] OR
"mesoamerican nephropathy"[tiab] OR "Decreased
Kidney Function"[tiab] OR "decreased kidney
function"[tiab] OR "Chronic Kidney Disease"[tiab]
OR "Chronic Kidney Disease of non-
traditional"[tiab] OR "chronic kidney disease of
unknown"[tiab] OR "Nefrolempa"[tiab] OR
ckdu[tiab] OR ckdnt[tiab])

30799

("Agriculture"[Mesh] OR "Chemistry,
Agricultural"[Mesh] OR "Agricultural Workers'
Diseases"[Mesh] OR "Pesticides"[Mesh] OR
"Pesticides" [Pharmacological Action] OR
"Pesticide Residues"[Mesh] OR
"Agrochemicals"[Mesh] OR "Metals,
Heavy"[Mesh:NoExp] OR "Aluminum"[Mesh] OR
"Fluorides"[Mesh] OR "Arsenic"[Mesh] OR
"Cadmium"[Mesh] OR "Lead"[Mesh] OR
"Groundwater"[Mesh] OR “agriculture"[tiab] OR
“agricultural”[tiab] OR “farm"[tiab] OR
“pesticide"[tiab] OR “pesticides"[tiab] OR
“agrochemical"[tiab] OR “heavy metal”[tiab] OR
“‘heavy metals”[tiab] OR "Aluminum"[tiab] OR
"Fluorides"[tiab] OR "fluoride"[tiab] OR
"Arsenic"[tiab] OR "Cadmium"[tiab] OR
“dehydration”[tiab] OR “heat stress”[tiab] OR “Heat
Stress”[tiab] OR “Heat-Related”[tiab] OR “heat
related”[tiab] OR “Heat exposure’[tiab] OR
“Sugarcane’[tiab] OR “sugarcane”[tiab] OR
“harvesters”[tiab] OR “NSAIDs”[tiab] OR
"Groundwater"[tiab] OR “ground water”[tiab] OR
“hard water”[tiab] OR (water[tiab] AND
hardnessltiab]))

546886

((“Quasi-experimental studies”(pt) OR "randomized
controlled trial"[pt] OR "controlled clinical trial"[pt]
OR "randomized"[tiab] OR "randomised"[tiab] OR
"randomization"[tiab] OR "randomisation"[tiab] OR

5950820
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Search

Results

Search type

"placebo"[tiab] OR "drug therapy"[sh] OR
"randomly"[tiab] OR "trial"[tiab] OR "groups"[tiab]
OR "Clinical trial"[pt] OR “clinical trial’[tiab] OR
“clinical trials”[tiab] OR "evaluation
studies"[Publication Type] OR "evaluation studies
as topic"[MeSH Terms] OR "evaluation study"[tiab]
OR ‘"evaluation studies"[tiab] OR "intervention
studies"[MeSH Terms] OR "intervention
study"[tiab] OR "intervention studies"[tiab] OR
"case-control studies"[MeSH Terms] OR "case-
control"[tiab] OR "cohort studies"[MeSH Terms]
OR "cohort"[tiab] OR "longitudinal studies"[MeSH
Terms] OR "longitudinal’[tiab] OR
"longitudinally"[tiab] OR "prospective"[tiab] OR
"prospectively"[tiab] OR "retrospective
studies"[MeSH Terms] OR "retrospective"[tiab] OR
"follow up"[tiab] OR "comparative
study"[Publication  Type] OR  "comparative
study"[tiab] OR "systematic"[subset] OR "meta-
analysis"[Publication Type] OR "meta-analysis as
topic"[MeSH Terms] OR "meta-analysis"[tiab] OR
"meta-analyses"[tiab]) OR "cross-sectional
study"[tiab] OR "cross-sectional studies"[tiab] OR
"community-based survey"[tiab] OR "descriptive
studies"[tiab] NOT (Editorial[ptyp] OR "Letter"[ptyp]
OR "Comment"[ptyp]) NOT (animals[mh])

("Central America"[Mesh] OR "Nicaragua"[tiab] OR
"El Salvador"[tiab] OR "Honduras"[tiab] OR
"Guatemala"[tiab] OR "Panama"[tiab] OR "Costa
Rica"[tiab] OR "Mexico"[tiab])

17787

(((((("Mesoamerican Nephropathy"[Mesh] OR
"mesoamerican nephropathy"[tiab] OR "Decreased
Kidney Function"[tiab] OR "decreased kidney
function"[tiab] OR "Chronic Kidney Disease"[tiab]
OR "Chronic Kidney Disease of non-
traditional"[tiab] OR "chronic kidney disease of
unknown"[tiab] OR "Nefrolempa"[tiab] OR
ckdu[tiab] OR ckdnt[tiab])))) AND (("Kidney
Diseases"[Mesh] OR "Chronic Kidney
Disease"[tiab] OR "chronic kidney disease"[tiab]
OR "chronic kidney diseases"[tiab] OR "chronic

48
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Search

Results

Search type

renal disease"[tiab] OR "chronic renal
diseases"[tiab] OR ckdul[tiab])))) AND
(("Agriculture"[Mesh] OR "Chemistry,
Agricultural"[Mesh] OR "Agricultural Workers'
Diseases"[Mesh] OR "Pesticides"[Mesh] OR
"Pesticides" [Pharmacological Action] OR
"Pesticide Residues"[Mesh] OR
"Agrochemicals"[Mesh] OR "Metals,
Heavy"[Mesh:NoExp] OR "Aluminum"[Mesh] OR
"Fluorides"[Mesh] OR "Arsenic"[Mesh] OR
"Cadmium"[Mesh] OR "Lead"[Mesh] OR
"Groundwater"[Mesh] OR “agriculture"[tiab] OR
“agricultural”[tiab] OR “farm"[tiab] OR
“‘pesticide"[tiab] OR “pesticides"[tiab] OR
“agrochemical"[tiab] OR “heavy metal”[tiab] OR
“‘heavy metals”[tiab] OR "Aluminum"[tiab] OR
"Fluorides"[tiab] OR "fluoride"[tiab] OR
"Arsenic"[tiab] OR "Cadmium"[tiab] OR
“dehydration”[tiab] OR “heat stress”[tiab] OR “Heat
Stress”[tiab] OR “Heat-Related”[tiab] OR “heat
related”[tiab] OR “Heat exposure’[tiab] OR
“Sugarcane’[tiab] OR “sugarcane”[tiab] OR
“harvesters”[tiab] OR “NSAIDs”[tiab] OR
"Groundwater"[tiab] OR “ground water’[tiab] OR
“hard water”[tiab] OR (water[tiab] AND
hardness[tiab])))) AND (("Central America"[Mesh]
OR "Nicaragua"[tiab] OR "EIl Salvador"[tiab] OR
"Honduras"[tiab] OR "Guatemala"[tiab] OR
"Panama"[tiab] OR "Costa Rica"[tiab] OR
“Mexico"[tiab]))
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Supplementary table 2: Embase search strategy.

Search

Results

Search

type

Kidney Diseases.af. or Chronic Kidney Disease.ab.
or chronic kidney diseases.ab. or chronic kidney
disease.ab. or Chronic Renal Disease.ab. or
chronic renal disease.ab. or chronic renal
diseases.ab. or ckdu.ab.

68314

Mesoamerican Nephropathy.af. or mesoamerican
nephropathy.ab. or Decreased Kidney Function.ab.
or decreased kidney function.ab. or Chronic Kidney
Diseases.ab. or chronic kidney disease.ab. or
Chronic Kidney Disease of unknown.ab. or Chronic
Kidney Disease of non-traditional.ab. or
Nefrolempa.ab. or ckdu.ab. or ckdnt.ab.

43475

(Agriculture.af. or Chemistry.ab. or Agricultural.ab.
or Agricultural Workers Diseases.ab. or
Pesticides.ab. or Pesticide residues.ab. or
Agrochemicals.ab. or Metals, Heavy.ab. or
Aluminum.ab. or Fluorides.ab. or Arsenic.ab. or
Lead.ab. or Groundwater.ab. or agriculture.ab. or
agricultural.ab. or farm.ab. or pesticide.ab. or
pesticides.ab. or agrochemical.ab. or heavy
metal.ab. or heavy metals.ab. or fluorides.ab. or
fluoride.ab. or dehydration.ab. or heat stress.ab. or
Heat Stress.ab. or Heat-Related.ab. or heat
related.ab. or Heat exposure.ab. or Sugarcane.ab.
or sugarcane.ab. or harvesters.ab. or NSAIDs.ab.
or Groundwater.ab. or ground water.ab.) and
hardness water.ab.

Central America.af. or Nicaragua.ab. or El
Salvador.ab. or Honduras.ab. or Costa Rica.ab. or
Guatemala.ab. or Panama.ab. or Mexico.ab. or
Mesoamerica.ab.

64088

(quasi-experimental studies.af. or randomized
controlled trial.af. or controlled clinical trial.ab. or
randomized.ab. or randomised.ab. or
randomization.ab. or randomisation.ab. or
placebo.ab. or drug therapy.ab. or Trial.ab. or

2232648
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Search

Results

Search

type

clinical trials.ab. or evaluation studies as topic.ab.

or case-control.ab. or longitudinal studies.ab. or
prospective.ab. or retrospective.ab. or meta-
analyses.ab. or cross-sectional studies.ab. or
cross-sectional study.ab. or community-based
survey study.ab. or intervention studies.ab. or
intervention study.ab.) not Editorial Letter.ab. not
Comment.af. not Animal.af.

limit 1 to (adolescents and adults human and
Spanish and English language)

51828

1and 2 and 6

63
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Supplementary table 3: Web of Science search strategy.

Search

Results

Search

type

(TS=("Kidney Diseases” OR “chronic kidney disease”
OR “chronic kidney diseases™ OR “chronic renal
disease” OR “chronic renal diseases™ OR “chronic
kidney failure” OR “chronic renal failure” OR “ckdu”)
AND CU=("Nicaragua" OR "Honduras" OR "Costa
Rica" OR "Panama" OR "Guatemala" OR "El
Salvador" OR "Mexico")) AND LANGUAGE:
(English)

661

(TS=("mesoamerican nephropathy” OR “decreased
kidney function” OR “decreased kidney function of
unknown” OR decreased kidney function of non-
traditional” OR "CKDu" OR "CKDnt") AND
CU=("Nicaragua” OR "Costa Rica” OR "Guatemala”
OR "Honduras™ OR "Mexico™ OR “El Salvador”)) AND
LANGUAGE: (English)

117

(TS=("Agriculture" OR "Agricultural" OR "Pesticides"
OR "Pesticides" OR "Agrochemicals" OR "Heat
stress" OR "heat stress" OR "sugarcane workers" OR
"dehydration" OR "heavy metals" OR "heavy metal"
OR "Aluminum" OR "Fluoride" OR "fluorides" OR
"Arsenic" OR "Cadmium" OR "Groundwater" OR
"ground water" OR "hard water" OR (water AND
"hardness")) AND CU=("Nicaragua" OR "Honduras"
OR "Costa Rica" OR "Panama" OR "Guatemala" OR
"El Salvador" OR "Mexico")) AND LANGUAGE:
(English)

8630

(TS=("risk" OR "risks" OR "epidemiology" OR
"adverse effects" OR "harm" OR "exposure" OR
"exposed" OR "aetiology") AND CU=("Nicaragua" OR
"Honduras" OR "Costa Rica" OR "Panama" OR
"Guatemala" OR "El Salvador" OR "Mexico")) AND
LANGUAGE: (English)

18142

62



Search

Results

Search

type

(TS=("Intervention studies" OR "intervention study"
OR "intervention studies" OR "Randomized" OR
"randomised" OR "randomization" OR
"randomisation" OR "placebo" OR "randomly" OR
"trial" OR "groups" OR "Clinical trial" OR "clinical
trials" OR "evaluation study" OR "evaluation studies"
OR "case-control" OR "cohort" OR "longitudinal" OR
"longitudinally" OR "prospective" OR "prospectively"
OR "retrospective" OR "follow up" OR "comparative
study" OR "systematic review" OR "meta-analysis"
OR "metaanalysis" OR "cross sectional study" OR
"survey study" OR "Cross-sectional studies" OR
"cross sectional survey" OR "intervention study" OR
"intervention studies") AND CU=("Nicaragua" OR
"Honduras" OR "Costa Rica" OR "Panama" OR
"Guatemala" OR "El Salvador" OR "Mexico")) AND
LANGUAGE: (English and Spanish)

25011

#1 AND #2 AND #3 AND #4 AND #5

10

#1 AND #2 AND #3 AND #4

20
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Supplementary table 4: Inclusion and exclusion criteria for defining study

eligibility
Items Included Excluded
Participants Adolescent and adult | Animal studies
human participants
Study settings Population, community
setting or  occupational

workers from Mesoamerica

Exposure of
interest

Heat stress
Dehydration

Pesticides

NSAIDs

Occupational exposure
Environmental toxin
(heavy metals, silica,
etc.)

¢ Infectious diseases

Traditional risk factors:

e Hypertension
e Diabetes
e Glomerulonephritis

Outcomes of Reduced estimated
interest glomerular filtration rate,
elevated serum creatinine
levels or chronic kidney
disease of undetermined
cause
Study Cross-sectional studies, | Case reports, editorial

methodology

case-control studies, cohort
studies reporting original
data.

letters, case series

Descriptive studies without a
comparison group.

Publication
details

Any publication date

Language: and

Spanish

English

Articles published in other
languages, such as German,
Chinese or Portuguese

64




Supplementary table 5: Risk factors for CKDu (eGFR<60 mL/min) reported in epidemiological studies in Mesoamerica

Risk factors associated reported in epidemiological studies
T Urinary
- P Bolus Family
Education . . . . Heat Heavy | Water Pesticide . 5 -
i i biomarkers
Authors Country Sex level Occupations Altitude | Hypertension | Diabetes | NSAIDs stress metal intake Alcohol e (Isotonic Hyperuricaemia history e
solutions) of | i
Age at work CKDu function
(Male (Low vs . - . Reference | (Lowvs (Yesvs | (Yesvs | (Yesvs (High (High | (Yesvs | (Apply (Yes vs (Yes
5 High) Sugarcane | Agriculture | Cotton | Mining | Coffee | Construction occupation High) (Yes vs No) No) No) No) s s No) vs No No) (Yes vs No) vs No)
Female) Normal) | Low) apply)
Cohort studies
Wesseling | Nicaragua | Yes | Male Yes Yes NA NA NA NA NA Adminisuativel] g Yes NR NR NR NR NR Yes NR | NGAL KIM-
C,etal work 1, Hsp
(2016)2
Laws R, et Nicaragua | Yes Male NR Yes NA NA NA NA NA Factory work NR Yes NR NR Yes NR NR NGAL, IL-
al (2016)2! 18, NAG
Laws R, et Nicaragua | Yes Male NR Yes NA NA NA NA NA Factory work NR NR NR NR Yes NR NR NR NR NR Not studied
al (2015)%!
Cross-sectional studies
Kupferman No past or
J, etal Nicaragua | Yes Male NR NR NR NR NR NR current work NR Yes NR NR NR NR NR NR NR NR Not studied
271 in the
(2016)
sugarcane
industry
Wesseling | Nicaragua | Yes | Male Yes Yes Yes NR NR NR Yes Agriculture NR Yes NR Yes Yes NR | Not studied
9! ¢}
C,etal
(2016)24
Lebov J, et Nicaragua | Yes Male Yes NR NR NR NR NR NR NR NR NR NR NR NR Not studied
al (2015)
LauxT, etal | Nicaragua | Yes | Female NR NA Yes NA NA NA Economicallyll]  ya NR NR NR NR NR | Not studied
(2012)°1 inactive
population
Torres C, et | Nicaragua | Yes Male NR Yes Yes NR Yes NR NR Coffee/fishing Yes NR NR NR NR NR Not studied
al (2010)1" and service
Gonzélez- | Nicaragua | Yes | Male NR Yes Yes NR NA NR NR Yes vs no NR Yes NR NR NR NR | Not studied
Quiroz M.
(2010)"9
Garcia- El Only
Trabanino Salvador Yes Male NR Only NA NA NA NA NA sugarcane Yes Yes NR NR Yes NR NAG
R, etal work
(2015)%2
Orantes C, El Yes | Male NR NR Yes NR NR NR NR D= NR NR NR NR NR Not studied
etal Salvador agricultural
(2014)°2 work
Peraza S, et El Yes | Male NR NR Yes Yes NA Never worked NR NR NR NR NR Not studied
al (2012)1"8 Salvador in agriculture
Orantes C, El Yes | Male NR NR NR Wlem> NR NR NR NR Yes | Not studied
etal Salvador agricultural
(2011)201 work
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Risk factors associated reported in epidemiological studies

Education Heat Heavy | Water Pesticide Bolus Family b.Urina;y
i i i i f i i i iomarkers
Authors Country Sex level Occupations Altitude | Hypertension | Diabetes | NSAIDs stress metal intake Alcohol e (Isotonic Hyperuricaemia history e
solutions) of | i
Age at work CKDu function
(Male (Low vs . . . Reference | (Lowvs (Yesvs | (Yesvs | (Yesvs (High (High | (Yesvs | (Apply (Yes vs (Yes
s High) Sugarcane | Agriculture | Cotton | Mining | Coffee | Construction G High) (Yes vs No) No) No) No) B - No) vs No No) (Yes vs No) vs No)
Female) Normal) | Low) apply)
Garcia- El Non- Not studied
Trabanino | savador | YES | Mele NR NR Yes NR NR NR NR st Yes Yes Yes NR NR NR NR NR NR NR
R, etal work
(2005)11
Case-control studies
Raines N, su :r?:ane
etal Nicaragua | Yes Male NR NR NR 9 Yes Yes NR NR Not studied
(2014)20 work or
agricultural
work
No
O'Donnell agricultural
J,etal Nicaragua | Yes | Male NA NA NR work, cotton | yeg NR NR NR Not studied
(2010)9! work or
sugarcane
work
Sanoff S, _NO
etal Nicaragua | Yes | Male NA NR NR agricultural NR NR NR Not studied
(201021 work or
sugar mill
work
Ecological studies
Wesselin i
9 | costaRica | Yes | Male NA Yes Yes NA NA NA NA NA NA NA NA na | Eovironmental ) .| s NA NA NA NA NA NA
C,etal Temperature
(2015)[106]
LauxT, et | Guatemala | Yes | Male NA Yes NR NA NA NA NA NA NA NA NA Na | Envionmental | | na | NA NA NA NA NA NA
al Temperature
(2015)2
VanDervort El Environmental
NR NR NA Yes Yes Yes NR NA NA NR NA NA NA NA NA NA NA NA NA NA NA
D, etal Salvador Temperature
(2014)%9)

Risk factors associated with CKDu

Risk factors not associated with CKDu

Reference group for occupation

Risk factors that were not studied or reported
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Supplementary figure 1: Forest plots of associations of alcohol consumption
(A), non-steroidal anti-inflammatory drug use (B) and heat stress (C)
estimates with chronic kidney disease of undetermined caused (eGFR<60
mL/min)

A: Alcohol consumption (Yes vs No)

B: NSAIDs intake (Yes vs No)

Author Prevalence Odds Ratio (35% Cl)

Author Prevalence Odds Ratio (95% ClI)
Lebov J, et al (2015) —— 1.95 (1.13,3.38)
Raines N, et al (2014) T 161(0.56,4.65) Torres C, et al (2010) e 0.65 (0.28, 1.50)
O'Donnell J, et al (2010) T—*—————— 1.97(0.86,4.48)

Gonzalez-Quiroz M. (2010) —— 1.05 (0.56, 1.96)
Sanoff S, et al (2010) —— 2.10(1.30, 3.38)
Gonzalez-Quiroz M. (2010) 4 1.36 (0.74, 2.48) O'Donnell J, et al (2010) T 142(0.79, 2.56)
Peraza 8, etal (2012) 4 1.00(0.40, 2.20) Peraza S, et al (2012) ——*——— 1.80(0.70, 4.20)
Garcia-Trabanino R, et al (2005) = 0.69 (0.39, 1.22)

0.99 (0.60, 1.39)

Overall (I-squared = 45.5%, p = 0.088)

NOTE: Weights are from random effects analysis

<> 1.34 (0.84, 1.84)

Overall (I-squared = 0.0%, p = 0.399)

NOTE: Weights are from random effects analysis

T
-4.66

C: Heat stress (Yes vs No)

Author

Gonzalez-Quiroz M. (2010)

O'Donnell J, et al (2010)

Overall (I-squared = 70.6%, p = 0.065)

NOTE: Weights are from random effects analys's

T
0

1 4.66

Effect Estimate (POR)

<

Prevalence Odds Ratio (95% CI)

——*—— 3.17(1.46,6.88)

0.59 (0.30, 1.13)

1.52 (-0.91, 3.95)

-6.88

6.88

Effect Estimate (POR)

T
-4.2

T
0

Effect Estimate (POR)

42

Black diamond data markers represent PORs; horizontal lines represent the 95% Cls; the size of the grey square
marker indicates the statistical weight of the study using the random effects meta-analysis. A diamond data marker
denotes the overall POR and 95% CI for the outcome of interest.

Abbreviations: NSAIDs: non-steroidal anti-inflammatory drugs
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Supplementary table 6: Quality assessment of occupational studies including the rationale (n=5)

Non-differential

Non-differential

Stud Inf tion bias of
Author u' v Selection bias Loss to follow-up misclassification Information bias of exposure | misclassification of ntormation bias o Confounding Reverse causation
design outcome
exposure outcome

Medium: Thte ]rcetrospectwe High: The use of a

assessment of some non-standard eGFR

exposures was prone to threshold for

Medium: water recall bias, but a Low: The use of determining the Medium: High: Some exposures
Low: High intake, self-report of | standardized questionnaire the CKD-EPI 9 Restricted to such as water intake,

. L . e . . outcome (eGFR <80 . . .
Wesseling C, et Cross- participation rate N/A: Cross-sectional nephrolithiasis, self- | was administered by well- equation has not mL/min/1.73 m?) and sugarcane urinary tract infection and
al (2016)24 sectional (86%) in all study reports of urinary | trained interviewers and a been validated in a single r.neasure of cutters, but not | the use of NSAIDs, may

occupations tract infection and | certain number of the Nicaraguan 9 adjusted for be prone to reverse
. . . eGFR were only ;
use of NSAIDs questionnaires were population. rone to age causation.
selected for re-testing by a . P L
) ) misclassification of
fieldwork assistant to AKI
confirm the information. '
Low: Exposure data were
Cohort Low: High collected prospegtlvely and Medium: .
L ) a standardized Low: The use of ) High: Some exposures,
participation rate . Medium: water . . . . Adjusted for .
o . High: 50% of enrolled | . questionnaire was the CKD-EPI Low: Kidney function such as water intake,

. (Changes | (88%) at baseline . ) intake, self-report of L ) . sex and age, e

Wesseling C, et . participants were fired e administered by well-trained | equation has not was measured nephrolithiasis, and the
23 in GFR (1104 of 1249 ) nephrolithiasis, . ) A . . ) . ) but not for
al (2016)¢ at the middle of the ) interviewers; a certain been validated in | prospectively during use of NSAIDs, may be
across the | workers sampled diabetes and use of ) A ) other known
harvest number of questionnaires the Nicaraguan the harvest season. . prone to reverse
harvest at pre/harvest NSAIDs . . risk factors for )
eriod) screens) were selected for re-testing population. CKD causation.
P by a fieldwork assistant to
confirm the information.
High: 55% of Low: The use of .
sugarcane workers the CKD-EPI Medium:
Cohort Low: High ) Low: Kidney function | Adjusted for
L were to lost follow up A equation has not ’
participation rate Medium: self-report ) . and urinary sex, age, and .
i at late harvest for been validated in ) High: Some exposures,
(Changes | (88%) at baseline ) of water and sugar . ) biomarkers were years worked .
Laws R, et al X many reasons: . Low: Exposure data were the Nicaraguan such as water intake,
26) in GFR (1104 of 1249 ) intake . lati measured at the
(2016} stopped working, collected prospectively. population. . may be prone to reverse
across the | workers sampled moved to different prospectively before | company, but causation
harvest at pre/harvest A ) . and during late not for other ’
. regions, and financial X
period) screens) and logistical harvest. known risk
g factors for CKD

constraints
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Author

Study
design

Selection bias

Loss to follow-up

Non-differential
misclassification
exposure

Information bias of exposure

Non-differential
misclassification of
outcome

Information bias of
outcome

Confounding

Reverse causation

Laws R, et al
(2015)1s1

Cohort

(Changes
in GFR
across the
harvest
period)

Low: High
participation rate
(88%) at baseline

High: 55% of
sugarcane workers
were lost to follow-up
at late harvest for
many reasons:
stopped working,
moved to different
regions, and financial
and logistical
constraints

Medium: self-report
of water and
electrolyte solution
intake before and
during late harvest

Low: Exposure data were
collected prospectively.

Low: The use of
the CKD-EPI
equation has not
been validated in
the Nicaraguan
population.

Low: Kidney function
was measured
prospectively before
and during late
harvest.

Medium:
Adjusted for
sex, age, and
years worked

at the
company, but
not for other
known risk
factors for CKD

High: Some exposures,
such as water intake,
may be prone to reverse
causation.

Garcia-
Trabanino R, et
al (2015)22

Cohort

(Changes
in GFR
across
shifts)

Low: High
participation rate
(84%) among
sugarcane
workers

N/A: Cross-sectional
study

Medium: self-report
of nephrolithiasis,
diabetes, use of
NSAIDs, diuretics,
and sweet drinks

Medium: Retrospective
assessments of some
exposures are prone to
recall bias, but a
standardized questionnaire
was administered by well-
trained interviewers, and a
certain number of
questionnaires were
selected for re-testing by a
fieldwork assistant to
confirm the information.

Low: The use of
the CKD-EPI
equation has not
been validated in
the Nicaraguan
population.

Low: Two measures
of eGFR across
shifts were only

prone to detect AKI.

High:
Unadjusted for
known risk
factors for CKD

High: Some exposures,
such as nephrolithiasis
and the use of NSAIDs,
may be prone to reverse
causation.

Abbreviations: NSAIDs; non-steroidal anti-inflammatory drugs, CKD; chronic kidney disease, N/A; not applicable, N/R: not reported, eGFR; estimated glomerular filtration rate, AKI; acute kidney

injury.
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Supplementary table 7: Quality assessment of community-based studies including the rationale (n=20)

Loss to follow-

Non-differential

Non-differential

Author Study design Selection bias up misclassification Information bias of exposure misclassification Information bias of outcome Confounding Reverse causation
exposure of outcome
Medium: Retrospective
assessments of some Medium: )
Medium: self- gxposures are prone to relcall Low: The use of High: Arbitrary cut-off point Stratified by exp(})—islglsszr::h as
Low: High participation rate N/R: Only reported labour blas..Howgver, 2 stand.a‘rd|zed the CKD-EPI for eGFR <90 mL/min and Sex. labour h’istory
Gonzalez M, et Cohort (97%) for young adults baseline historv and questlonn?nre VYHS at.jmmlstered equation has not a sinale measure of 6GFR Participants NSAID use anyd
al (2017)"14 aged between 18 to 30 values were Y by well-trained interviewers, and | peen validated in 9 with diabetes - '
years. reported. NSAID use or a certain number of the Nicaraguan were only prone to or hypertension water intake, are
water intake questionnaires were selected for population. misclassification of AKI. were excluded prone to reverse
re-testing by a fieldwork from the study. causation.
assistant to confirm the
.information
High: Kidney function was
determined based on a
Low: Use of the | creatinine level of 1.5 High: Some
Cross-sectional High: Only Medium: self- Medium: Retrospective non-validated mg/dL for males and 1.2 High: exposures, such as
Minnings K, et study with a Medium: 75% of response | those with low | reported labour assessments of some MDRD equation | mg/dL for females or an Unadjusted for | labour history, HTN
al (2016)1"9! selected follow- participation eGFR were and medical exposures are prone to recall for the eGFR <60 mL/min/1.73 known risk and nephrolithiasis,
up followed-up history bias. Nicaraguan m?2. However, a single factors for CKD | are prone to reverse
population. measure of eGFR was causation.
only prone to
misclassification of AKI
Medium: self- ) High: Some
report of Medium: Retrospective Low: The use of Medium: exposures, such as
Low: All participants were diabetes, past assessments of some the .CKD_EPl Adjusted for past or present work
Kupferman J, N/A: Cross- equation has not Low: The diagnosis of

et al (2016)27

Cross-sectional

recruited from families with
CKDu in the community.

sectional study

or present work
in the
sugarcane
industry and
NSAID use

exposures are prone to recall
bias, and all questionnaires
were reviewed in the field.

been validated in
the Nicaraguan
population.

CKDu was re-confirmed by
determining serum
creatinine levels.

eGFR, age and
use of uric acid
medication

in the sugarcane
industry and NSAID

use, are prone to
reverse causation.

Lebov J, et al
(2015)R01

Cross-sectional

Low: The participation rate
was 91%. Participants aged
between 18 to 70 years old
were selected from a
surveillance system based
on demography.

N/A: Cross-
sectional study

Medium: self-
report of
diabetes, blood
pressure and
water intake

Medium: Retrospective
assessments of some
exposures are prone to recall
bias. However, interviewers
were trained, and a fieldwork
assistant reviewed the
questionnaires in the field.

Low: Use of the
non-validated
MDRD equation
for the
Nicaraguan
population

Medium: The single
measure of eGFR was
only prone to
misclassification of AKI.

Low: Adjusted
for age, sex,
diabetes, and
high
blood pressure.

High: Some
exposures, such as
HTN and water
intake, are prone to
reverse causation.
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Loss to follow-

Non-differential

Non-differential

Author Study design Selection bias u misclassification Information bias of exposure misclassification Information bias of outcome Confounding Reverse causation
g exposure of outcome
Medium: self- Medium: Retrospective Medium: High: Some
Medium: Th rticipati Low: Th f
eraltzrcvas :22/8 a'::gi on reported water assessments of some (t)::a CKT)UI;(:’IO Adjusted for exposures, such as
Raines N. et al Cross- cople aged 150to 69 S,ars N/A: Cross intake, sugar exposures are prone to recall equation has not Medium: A single measure sex and age, | water intake, NSAID
21 sectionalinested | PSP @9 4 - intake, NSAID bias. However, interviewers q . . of eGFR is only prone to but not for use, and pesticide
(2014) and controls were selected | sectional study ; been validated in ) e
case-control from participants of a Cross use, and were trained, and the the Nicaraquan misclassification of AKI other known exposure, are prone
P t'p | stud pesticide questionnaire was validated | t.g risk factors for to reverse
sectional study. exposure prior data collection. All popufation. CKD causation.
equipment was calibrated daily.
Medium: retrospective
) assessment of some exposures
Low: All participants Merim;?{ Z’?If‘ prone to recall bias Low: Use of Medium: Hiah: Some
Laux T. et al between 20 to 60 years N/A: Cross diabgtes and non-validated Medium: Single measure Adjusted for ox OS?.IN.ES such as
(2012’)[31] Cross-sectional were recruited at sectio‘nal stud histor ’of Low: Research team conducted | MDRD equation of eGFR only prone BMI, NSE)MD Use iS brone
community level and i ne hro¥oxic the interviews by applying a for Nicaraguan misclassification of AKI hypertension | “ = cauzation
participation rate was 90%. dp validated questionnaire in a population and diabetes
rug use similar population. Scale and
sphygmomanometer were
calibrated every day.
Low: Participants over 18 Medium: retrospective e ongle measure Medium:
: b . Medium: self- assessment of some exposures 9f eGFR. on!y prone . : High: Some
years were recruited at . Low: Use of misclassification of AKI Adjusted for
Cross community level and the report of prone to recall bias and non-validated ini sex and age exposures such as
O’Donnell J, et sectional/nested | partici atior): rate was 91% N/A: Cross- diabetes, labour research assistant applied a MDRD equation and Serum crea.tmlne level but not fc?r labour history,
al (2010)'9 case-control P Cont?ols were randoml " | sectional study | history, NSAIDs | standardized questionnaires and for Nicarcl-l uan was determllned by other known NSAIDs use are
L. Y and antibiotic calibrated instruments (scale g StatSensor device and re- . prone to reverse
selected from participants population analysed by using an risk factors for .
of a cross-sectional stud use and sphygmomanometer). . CKD causation
y Training of interviewers. IDMS-.stlandardlzed
creatinine assays
Low: Adjusted
for age,
Medium: self- gender, .
. . L. : High: Some
High: Controls were report of High: Participants were selected hypertension, a
) . . . . exposures such as
selected from groups of diabetes, from a groups high level of Low: Use of Medium: Single measure | reported history .
Sanoff S, et al . . . N/A: Cross- i . . . labour history and
6] Case-control volunteers with high history . occupational exposure and retrospective non-validated of eGFR only prone of diabetes, a
(2010)¢ . sectional study . . ) e . NSAIDs use are
of alcohol consumption. history, and assessment of some exposures | MDRD equation. misclassification of AKI family history of
- . prone to reverse
Participants rate was 99% water prone to recall bias end stage .
. . . causation
consumption. kidney disease,

and body mass
index.
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Author

Study design

Selection bias

Loss to follow-

Non-differential
misclassification

Information bias of exposure

Non-differential
misclassification

Information bias of outcome

Confounding

Reverse causation

up
exposure of outcome
Medium: self- Low: U f High: S
Low: Participants between edium. se ow Se 0o Low: Adjusted '9 ome
report of . . CKD-EPI . . exposures such as
20 to 60 years were ) Medium: retrospective ) . Medium: Single measure for age, sex, )
Torres C, et al . . . N/A: Cross- diabetes and equation which ) self-report of urinary
15) Cross-sectional recruited at community . assessment of some exposures of eGFR only prone hypertension, ; .
(2010)¢ e sectional study | self-reported of . has not been ) e . tract infection are
level and the Participation . prone to recall bias ) . misclassification of AKI obesity and
urinary tract validated in the . prone to reverse
rate was 83%. ) . ) diabetes .
infection. Nicaraguan causation
population
Medium: self- Medium: retrospective Low: Use of High: Some
Low: Participants between report of labour | assessment of Some exposures CKD-EPI Low: Adjusted | exposures such as
Gonzélez- 20 to 60 years were N/A: Cross history, water- pr-or.ua t? rec&.lll bias, but yvell equation which Medium: Single measure for age, sex, water intake,
Quiroz M. Cross-sectional recruited by random sectio‘nal stud intake, diabetes, | training |n?erV|ewers.appI|§d a has not been of eGFR only prone hypertension, nephrolithiasis and
(2010)1101 selection sample and the v nephrolithiasis standardized questionnaire. validated in the misclassification of AKI obesity and occupation are
Participation rate was 97%. and urinary tract Nicaraguan diabetes prone to reverse
infection Research team reviewed all population causation
questionnaire at field
Low: Objective definition of
Low: Partici der 18 outcome (eGFR <60
ow: Participants u? :rt N/R: No Low: Use of mL/min/1.73 m?2, with or High: N/R: N
Orantes C, et ) years were recruliec & N/A: Cross- exposure data N/R: No exposure data was non-validated without markers of kidney | Unadjusted for - NO exposure
" 1167 | Cross-sectional community level and : ) P, : ' data was reported in
al* (2016)! L sectional study | was reported in reported in this study Schwartz damage) with two known risk )
participation rate was ) . this study
this study equation. measurements of serum | factors for CKD
97.8%. - .
creatinine within three
months’ difference proved
the CKD diagnosis.
Low: Objective definiti f
. Medium: retrospective ow: Lbjective cefinition o High: Some
Medium: self- outcome (eGFR <60 .
Low: Women were report of assessment of some exposures Low: Use of mL/min/1.73 m?) with two High: exposures such as
Orantes C, et . " . N/A: Cross- . P prone to recall bias but all - ) Unadjusted for | use of NSAIDs, and
* 17 | Cross-sectional [ recruited from agriculture . diabetes, use of . non-validated measurements of serum : )
al* (2015) h sectional study instruments and tools were . . " known risk occupation are
community NSAIDs, and ) MDRD equation. creatinine within three
: calibrated. Measurements were . factors for CKD prone to reverse
occupations. done by certified personnel months’ difference proved causation
4 P the CKD diagnosis
Medium: retrospective Low: Use of Low: Objective definition of High: Some
Low: Participants were Medium: self- ) P CKD-EPI outcome (eGFR <60 ) on:
recruited from a farmin reported use of assessment of some exposures equation which mL/min/1.73 m?) with two High: exposures such as
Vela X, et al* . L 9 N/A: Cross- P prone to recall bias but all N ) Unadjusted for | use of NSAIDs and
(18] Cross-sectional communities and the . NSAIDs, . has not been measurements of serum : )
(2014) sectional study instruments and tools were known risk occupation are

participation rate was
91.4%

antibiotics, and
occupations.

calibrated. Measurements were
done by certified personnel

validated in the
Nicaraguan
population

creatinine within three
months’ difference proved
the CKD diagnosis

factors for CKD

prone to reverse
causation

72




Author

Study design

Selection bias

up

Loss to follow-

exposure

Non-differential
misclassification

Information bias of exposure

Non-differential
misclassification

of outcome

Information bias of outcome

Confounding

Reverse causation

Orantes C, et
al* (2014)R2

Cross-sectional

Low: Participants were
recruited at the community
level and the participation

rate was 100%.

N/A: Cross-

sectional study

Medium: self-
reported

NSAIDs, and
occupation.

diabetes, use of

Medium: Retrospective
assessments of some
exposures are prone to recall
bias, but all instruments and
tools were calibrated.
Measurements were performed

Low: Use of a
non-validated
MDRD equation.

Low: An objective
definition of outcome
(eGFR <60 mL/min/1.73
m?) with two
measurements of serum
creatinine levels within

Low: Adjusted
for known risk

factors for CKD

High: Some
exposures, such as
the use of NSAIDs
and occupation, are

prone to reverse

(2012)08

community level, and the
participation rate was 77%.

sectional study

nephrolithiasis
and the use of
NSAIDs

bias, but a standardized
questionnaires and calibrated
instruments (scale and
sphygmomanometer)
were used.

equation has not

been validated in

the Nicaraguan
population.

measure of eGFR is only
prone to misclassification
of AKI.

by certified personnel. three months confirmed causation.
the CKD diagnosis.
Medium: self Medium: Retrospective Low: Th ‘ High: S
Low: Participants aged e Iunrlt. S? ) assessments of some (t)r\:v CKT)UI;(:’IO Medium: The sinl Low: Adusted igh: Omeh
between 20 to 60 years report o exposures are prone to recall © - edium: the single ow: Adjuste: exposures, such as
Peraza S, et al . R N/A: Cross- diabetes,
Cross-sectional were recruited at the

for age, sex,
hypertension
and diabetes

nephrolithiasis and

the use of NSAIDs,
are prone to reverse
causation.

Orantes C, et
al* (2011)R9

Cross-sectional

Medium: Participants were
recruited at the community
level from individuals with a
long history of pesticide
use, and the participation

rate was 88.3%.

N/A: Cross-
sectional study

Medium: self-
reported use of
NSAIDs,
medicinal
plants,
infectious
diseases and
occupation

Medium: Retrospective
assessments of some
exposures are prone to recall
bias, but all instruments and
tools were calibrated.
Measurements were performed
by certified personnel.

Low: Use of a
non-validated
MDRD equation.

Low: An objective
definition of outcome
(eGFR <60 mL/min/1.73
m?) with two
measurements of serum
creatinine levels within
three months confirmed
the CKD diagnosis.

High:
Unadjusted for
known risk
factors for CKD

High: Some
exposures, such as
the use of NSAIDs,

use of medicinal
plants, infectious
diseases and
occupation, are
prone to reverse

causation.
Garcia- High: The participation rate Medium: self- Medium: Retrospective Medium: Use of Medium: An objective High: High: Some
. . 9n: P P N/A: Cross- report of assessments of some a cut-off serum definition of outcomes Unadjusted for exposures, such as
Trabanino R, et | Cross-sectional was 29% (353 of 1220 ) ) ) .. - . . HTN and
al (2005)01"1 subjects) sectional study [ medical history exposures are prone to recall creatinine level (proteinuria and chronic known risk i
’ and occupation. bias. >1.5 mg/dl renal failure) factors for CKD occupation, are
prone to reverse
causation.
Low:
Determined ) ) .
. Low: Climate data from the Medium: Low High:
i Low: All Costa Rican N/A: from the . . . . . .
Wesseling C, et . . ) . . ) National Weather Surveillance overall High: Recognition of CKD | Unadjusted for Low: Ecological
1068] Ecological provinces were included in Ecological National . :
al (2015)t the stud stud Weather System and exposure data recognition of could vary by area. known risk study
v y . based on vital statistics CKD factors for CKD
Surveillance
System
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Loss to follow-

Non-differential

Non-differential

Reverse causation

Author Study design Selection bias u misclassification Information bias of exposure misclassification Information bias of outcome Confounding
g exposure of outcome
Low:
Low: Participants were Determined High: Not all High: Some regions have High:
- rarticipants wi N/A: from the Low: Climate data were on: 9h: Same reglor g )
Laux T, et al . recruited at dialysis . . . . patients have fewer dialysis units than Unadjusted for Low: Ecological
2] Ecological ; Ecological National obtained from the National . . ; s .
(2015) programmes from different . access to dialysis other regions within the known risk study
. . study Weather Weather Surveillance System.
regions in Guatemala. . treatment. country. factors for CKD
Surveillance
System
Low: Low: Exposure data were
Determined obtained from the Ministry of . .
. ) Medium: Low High:
Low: All regions from EI N/A: from an Environment and Natural . .
VanDervort D, . . . . ) L. overall Unadjusted for Low: Ecological
113] Ecological Salvador were included in Ecological agricultural Resources and the Ministry of " . ” )
etal (2014) recognition of | High: Recognition of CKD known risk study
the study. study census and Economy. CKD data were
. ) . CKD could vary by area. factors for CKD
ambient obtained from the National
temperature Health System.

*Five studies from El Salvador applied the following CKD definition: persistence of renal damage markers for =23 months or GFR <60 mL/min.
Abbreviations: NSAIDs; non-steroidal anti-inflammatory drugs, CKDu; chronic kidney disease of undetermined cause, CKD; chronic kidney disease, N/A; not applicable, N/R: not reported, eGFR;

estimated glomerular filtration rate, AKI; acute kidney injury.
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Supplementary figure 2: Funnel plot showing the associations between male
sex, pesticide exposure and alcohol consumption with CKDu (eGFR<60
mL/min) using the log OR and its standard error (n=8)

B: Pesticide exposure

A: Male sex
Funnel plot with pseudo 95% confidence limits Funnel plot with pseudo 95% confidence limits
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Chapter 3. Rationale and baseline findings from a community-based
longitudinal prospective cohort study among young, apparently healthy

participants

3.1 Introduction to paper Il

This paper was published in BioMed Central Nephrology Journal (BMC
Nephrology) and presents the rationale, description and baseline findings of a
community-based prospective cohort study of kidney function among the young

rural population of Northwest Nicaragua.

This chapter presents and discusses the rationale and baseline results from a
prospective cohort study designed to assess the sociodemographic
characteristics, occupational and non-occupational exposures, lifestyle,
dehydration symptoms, etc. The primary outcome was to describe features of a
population of young adults without known kidney disease living in communities

with a high prevalence of CKDu in Nicaragua.

Although participants with a previous diagnosis of CKD were excluded, the
prevalence of potentially reduced kidney function (eGFR <90 mL/min/1.73 m?)
was 11% among males and 1% among females. Of participants with an
eGFR<90 mL/min/1.73 m?, 15% reported only working in agriculture, 10% in
sugarcane only and 12% in sugarcane and any other work, including
agriculture. In summary, this study recruited young adults without known kidney
function impairments and without any conventional risk factors for CKD

(diabetes and hypertension) to investigate the natural history of CKDu.
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The baseline questionnaire and tables that describes the sociodemographic
characteristics and potential factors for heat stress were included in this paper
as supplementary materials. The baseline questionnaire is included in this

chapter as appendix B.
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Abstract

Background: An epidemic of Mesoamerican Nephropathy (MeN) is killing thousands of agricultural workers along
the Pacific coast of Central America, but the natural history and aetiology of the disease remain poorly understood.
We have recently commenced a community-based longitudinal study to investigate Chronic Kidney Disease (CKD)
in Nicaragua. Although logistically challenging, study designs of this type have the potential to provide important
insights that other study designs cannot. In this paper we discuss the rationale for conducting this study and
summarize the findings of the baseline visit.

Methods: The baseline visit of the community-based cohort study was conducted in 9 communities in the North
Western Nicaragua in October and November 2014. All of the young men, and a random sample of young women
(aged 18-30) without a pre-existing diagnosis of CKD were invited to participate. Glomerular filtration rate (eGFR)
was estimated with CKD-EPI equation, along with clinical measurements, questionnaires, biological and
environmental samples to evaluate participants’ exposures to proposed risk factors for MeN.

Results: We identified 520 young adults (286 males and 234 females) in the 9 different communities. Of these, 16 males
with self-reported CKD and 5 females with diagnoses of either diabetes or hypertension were excluded from the study
population. All remaining 270 men and 90 women, selected at random, were then invited to participate in the study; 350
(979%) agreed to participate. At baseline, 29 (11%) men and 1 (1%) woman had an eGFR <90 mL/min/1.73 m?.

Conclusion: Conducting a community based study of this type requires active the involvement of communities and
commitment from local leaders. Furthermore, a research team with strong links to the area and broad understanding of
the context of the problem being studied is essential. The key findings will arise from follow-up, but it is striking that 5%
of males under aged 30 had to be excluded because of pre-existing kidney disease, and that despite doing so 11% of
males had an eGFR <90 mL/min/1.73 m” at baseline.
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Background

There is an ongoing epidemic of chronic kidney disease
of undetermined cause (CKDu) in the lowlands of the
Pacific coast of Central America [1, 2]. CKDu, also
termed Mesoamerican Nephropathy (MeN), is respon-
sible for the deaths of thousands of young male adults,
especially sugarcane cutters at relatively young ages
[3, 4]. This apparently new clinical entity accounts for a
considerable health and economic burden, both for the
families and local health systems, which do not have the
capacity to cope with this epidemic.

The cause(s) of MeN are not fully understood but
sugarcane workers appear to be the occupational group
most at risk [3, 5]. Heat stress and recurrent volume
depletion are currently thought to play a key role in the
evolution of the disease although investigators have also
suggested toxins, infections and genetics may play a part.
The evidence for and against the various factors causing
the disease are reviewed elsewhere [6, 7).

In view of the substantial public health impact of
this disease, and the current gaps in understanding of
the potential causes and contributing factors, we de-
signed a community based cohort study with the aim
of investigating the causes and natural history of the
disease [8].

Rationale for the study design

Dealing with recall bias and reverse causation

Associations reported in existing cross-sectional and
case-control studies may be subject to both recall bias
and reverse causation. Recall bias can be minimised by
ascertaining data on exposures at baseline as part of a
longitudinal study. Furthermore, dealing with reverse
causation is likely to be particularly important in untan-
gling the causes of CKDu as markers of exposure status
may themselves be affected by kidney dysfunction. For
example, the reported relationship between increased
water consumption and CKDu [9, 10] might be
explained by a failure of urinary concentration by the
diseased kidney rather than water consumption actually
leading to disease. A prospective study of risk factors
and changes in eGFR over time in a young population
with preserved kidney function at baseline will overcome
this problem.

Setting

A community-based cohort represents the entire ‘at-risk’
population. In our study, workers from all occupations -
both men and women - were eligible for recruitment.
Furthermore, loss to follow-up over time, although still a
significant concern, was likely to be less challenging in
community-based follow-up studies when compared to
occupational cohorts. This is particularly true in north-
west Nicaragua where sugarcane workers can lose their
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job if they are found to be suffering from kidney disease
and therefore the potential for loss to follow up in occu-
pational studies is elevated [11]. Although a potential
disadvantage of community-based studies is that they
typically need to recruit large numbers of people if
disease prevalence is low, this is less of an issue in our
study given the epidemic proportions of CKDu in the re-
gion. One disadvantage of the community setting is that
although we can ask questions on occupational expo-
sures we are unable to directly quantify work related
variables such as occupational heat stress.

Evaluating kidney dysfunction

A major challenge in epidemiological research of kidney
disease is the accurate measurement of kidney function.
Measuring the true GFR is not feasible in large studies.
Furthermore there is considerable within-person and
more particularly between-person measurement error
when using eGFR based in the serum creatinine (SCr)
level due to factors such as muscle mass, diet, exertion
and hydration status. This makes studies based on com-
paring one-off eGFR measurement difficult to interpret.
Therefore, we chose to measure within-person change in
eGFR, which is inherently independent of between-
person factors. Assuming that the main drivers of the
within-person measurement error in the eGFR are con-
stant, and if calculated across a number of time points,
then eGFR decline at the level of the individual will be
less affected by factors that are not related to the pro-
gressive kidney damage of interest [12-14].

Methods

Design

This is a community-based cohort study with total of 5
study visits planned over 2 years.

Setting

The study communities are in the Departments of Leon
and Chinandega, in northwest Nicaragua, a region with
the highest mortality rates of young populations due to
ESRD (2, 4]. This area is characterised by sugarcane
cultivation (70% of cultivated land), subsistence farming
(beans, corn) (20%) and banana growing (10%) and the
main employment source is work in sugar mill planta-
tion during the harvest and pre-harvest.

Sample size calculations

Given that people who will develop MeN in their 30s
are likely to experience a loss of at least 40 mL/min GFR
over their working lives, our study aims to investigate
the likely causes and natural history of the disease by
quantifying early decline in eGFR and capturing data on
associated exposures. The study was powered to detect
exposures associated with decline in eGFR >5 mL/min/
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year. We estimated that a minimum of 180 subjects
would be required to achieve a power of 90% to detect
an association with a binary exposure (detected on ques-
tionnaire) in 20% of the population associated with the
above effect size (at o =0.01). Additionally, we assumed
up to 20% loss to follow-up and the need to consider
testing associations with multiple exposures, our aim
was to recruit and follow 300 participants.

Community engagement

We first visited the community leaders to gain an under-
standing of the locations, distance, and availability of the
communities to be part of a two-year follow-up study.
The community leaders then organized large public
meetings with the target population where members of
the research team explained the aims and benefits of the
research project. We were also in communication (in
person and by telephone) with both the community
leaders and participants throughout the planning and
baseline phases of the project.

Study population and recruitment strategy

The source population was healthy young people (with-
out diabetes, hypertension or CKD diagnosis by
self-report) aged between 18 and 30 years living in nine
communities in northwest Nicaragua (six communities
in Chinandega and three in Le6n Department).

During August to October 2014, a population census
of young adults age 18 to 30 years old was performed in
each community. Potential participants were asked
about their medical history and those with a pre-existing
diagnosis of CKD, diabetes or hypertension were
excluded. As the CKDu predominantly affects males, all
men eligible were invited to participate along with a
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random selection of eligible women, in a male to female
ratio of 3:1.

Standardising the data collection methods

A team comprising the field coordinator, 10 local inter-
viewers and two phlebotomists performed the study
visits. Prior to commencing fieldwork, each team mem-
ber undertook a three-day intensive training course that
focused on standardising data and sample collection as
well as maximising data quality.

Study visits and medical examinations

The baseline data collection in the nine communities
was undertaken during October - November 2014,
before the start of the sugarcane harvest. Data collection
was scheduled during the working week, before the
participants left for work, which meant visiting each
community between 3 and 5 am. The location for data
collection was a well-known public place (a church, a
health care centre, a school, or the house of the commu-
nity leader), to ensure ease of access for the participants
and ensure that the study maintained a visible presence
amongst the community. Following registration, each
participant had non-invasive clinical measurements
(blood pressure, height and weight) taken first,
followed by blood and urine sampling. This was then
followed by a detailed questionnaire administered by
a trained interviewer, which was checked by
re-questioning participants on a random selection of
questions (Fig. 1).

Clinical measurements
For each participant, their body weight, height, blood
pressure and heart rate were measured, and blood and

-

Quality control and
participant compensation

Fig. 1 Outline of study visits for each participant

Anthropometric and clinical
measurement area

Blood and urine
sampling area
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urine samples were collected. Body weight was measured
with minimal clothes using SECA electronic scales (Seca,
Birmingham, UK). Height was measured by using a
portable stadiometer (Seca, Birmingham, UK). Blood
pressure and heart rate were measured in a sitting
position using a calibrated digital sphygmomanometer
(Omron, Kyoto, Japan) after five minutes of quiet seated
rest. Hypertension was defined as systolic blood pressure
>140 mmHg and/or diastolic blood pressure 290 mmHg.
BMI was classified into <25 kg/m2 as normal,
25-29.9 kg/m* as overweight, and >30 kg/m” as obese.
Those with a BMI >25 kg/m®> were defined as
overweight/obese.

Blood samples were collected in three vacuum tubes,
two with clot activator and gel for serum separation and
one with anticoagulant. These tubes were placed in an
icebox (at 4 °C) immediately after collection and trans-
ported the same day to the laboratory at the Research
Centre on Health, Work and Environment (CISTA) at
UNAN-Le6n, where the clotted samples centrifuged at
3500 rpm within an hour of being received, and serum
was transferred to five separate aliquots. The aliquots
were stored at -20 °C.

Participants gave a spot urine sample (~50 cc) in
sterile polypropylene containers, and aliquots were sepa-
rated into vacuum tubes in the field immediately, placed
in an icebox (4 °C) after collection and transported to
the laboratory at the Research Center on Health, Work
and Environment (CISTA) at UNAN-Le6n), where
aliquots were frozen -20 °C. Drinking water samples
were collected in a bottle and stored at 4 °C.

Questionnaire

The questionnaire included socio-demographic informa-
tion, work history, lifestyle, work conditions, liquid in-
take and current diseases that may be linked to CKD,
specifically hypertension, diabetes, urinary tract and
renal illness. The total time taken for the baseline inter-
view was 1 to 1 % hours. The questionnaire was evalu-
ated and tested for cognitive and linguistic suitability
(See Additional file 1).

Interviewers obtained information on demographic
characteristics ~ (age, sex), socioeconomic  status
(education, income), water sources (location and type)
and social security access (defined as access to a package
of preventive, diagnostic and curative health services
through the Nicaraguan government’s Social Security
System) [15]. Twenty-seven occupations stated by partic-
ipants were regrouped using the International Standard
Industrial Classification of all Economic Activities, Rev.4
(ISICv4) [16] into 10 economic activities which were
further subdivided into occupational groups. Sugarcane
workers were separated from other agricultural work
groups as sugarcane workers have shown high prevalence
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rates of CKD [4] Therefore occupations were grouped
into only sugarcane, sugarcane with any other work
(including other agricultural work), other agriculture work
only, and work in neither agriculture nor sugarcane (see
Table 2).

Using questionnaires (modified from those previous
studies (1, 11, 17, 18]) exposure data were collected on
heat stress, recurrent dehydration, physically demanding
work, workplace conditions, pesticide exposure and
potential exposure to heavy metals.

Finally, the participant’s medical history was recorded.
Urinary and renal illness was defined as a self-reported
medically diagnosed urinary tract infection in the previ-
ous year, or a self-reported history of kidney disease or
nephrolithiasis. Use of medications was ascertained by
showing participants a visual catalogue of medication
packages. Smoking status was classified according to
whether participants used tobacco products daily, either
currently or in the past. Questions on alcohol consump-
tion and illicit drug use were also included.

Kidney function
For each participant, one aliquot of the serum sample was
transported to the laboratory of Biochemistry at the Medical
Faculty of UNAN-Leon, where serum creatinine (SCr) was
measured with ChemWell* 2910 (Awareness Technology,
EEUU) which is an automated assay based on the Jaffe com-
pensated method [19-21]. SCr measurements were
calibrated against an IDMS-traceable creatinine standard.
The biochemistry laboratory at UNAN-Leon takes part in
an international inter-laboratory quality control program,
where measurements are compared to a laboratory standard
(Serodos Plus Human Diagnostics, Wiesbaden, Germany)
on a daily basis. In addition, for each batch of samples at
least two duplicate serum samples were included for quality
control purposes. Measured SCr values in the samples were
at all times within the accepted limits of the method.
Kidney function was assessed using the estimated
glomerular filtration rate according to the CKD-EPI
formula by determining SCr during the baseline survey
[22]. Future analyses, including serum Cystatin C deter-
mination, will be undertaken at the end of the follow-up
period on stored aliquots.

Data analysis

The focus of this paper is on the study design and the
findings of the baseline survey. Sociodemographic
characteristics by sex were summarized using descriptive
statistics. The continuous variables were examined using
Kruskal-Wallis tests for non-normality and for categor-
ical variables, the Pearson Chi-square test was used or
Fisher’s Exact Test when the chi-square was not applic-
able. Data were analysed with Stata software version 13.
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Results

In nine communities in northwestern Nicaragua, 520
potential participants (286 men and 234 women) were
identified in the population census. 16 males with CKD
and 5 females with diabetes or hypertension were
excluded from the study. Of the remaining population,
all the males and 90 females, selected at random in
order to have a 3:1 male:female ratio were invited to take
part. Seven men and three women declined to partici-
pate after invitation. In total, 350 of the 360 invited
participants attended baseline study visits (Fig. 2), with
an average of 38 participants from each community
(minimum of 26 and a maximum of 53).

Description of study population

Participants in all the communities had similar mean
age (23 years), and median BMI (median 22.3 in men
and 24.4 in women) (Table 1). The average number of
members in a family was 4 persons. The majority of par-
ticipants had relatively low schooling (mean 6.2 years for
men and 7.1 years for women). The median systolic and
diastolic blood pressures were 120/69 mmHg for men
and 109/68 mmHg for women. All participants had a
normal heart rate (median 69 for men and 77 for
women. The mean household income per month in
USD was just over $300. The eGFR of the participants
ranged from 120 mL/min/1.73 m® to 137 mL/min/
1.73 m?, with a median value of 128 mL/min/1.73 m*
for both men and women. Men had higher prevalence’s
of smoking tobacco and alcohol consumption. There
were small differences in use NSAIDs between men and
women. There were differences in urinary tract infec-
tions between sexes but not in use nephrotoxic
antibiotics.

The associations between occupation and known/pro-
posed risk factors for CKD are presented in Table 2. The
prevalence of hypertension was low (2.9% of the partici-
pants). Nephrolithiasis was only reported among three
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women in the “Neither work in agriculture nor in sugar-
cane and only in sugarcane” but self-report of urinary
tract infections were common in all groups (26% of the
participants), except among male agricultural workers
who had never worked in sugarcane (4%).

Baseline kidney function

Five percent of males had to be excluded from those
identified in the initial population census because of
pre-existing CKD. In addition, about one in 10 male par-
ticipants had an estimated GFR less than 90 mL/min/
173 m* (11%; Additional file 2: Table S1). Males with an
eGFR <90 mL/min/1.73 m® were marginally older
(24.6 years, compared with 23.0 years) and these partici-
pants had higher systolic and diastolic blood pressure.
Participants who had an eGFR <90 mL/min/1.73 m?, re-
ported more frequent alcohol intake (86% vs 66%, p =
0.03). No other clinical measures (e.g., heart rate, BMI,
education, income; Additional file 2: Table SI) were
significantly associated with eGFR <90 mL/min/
1.73 m® The prevalence of reduced kidney function
was between 10 and 15% among men who had
worked agriculture: 10% for sugarcane only (5/49),
15% for other agriculture only (20/172), and 12% for
sugarcane with other work including other agriculture
(4/27), whereas in contrast there were no cases
among the men who had never worked in agriculture.
The single woman with eGFR below 90 had never
worked in agriculture (Table 2). Other associations
between an eGFR <90 mL/min/1.73 m* and potential
exposures are presented in the Additional file 2:
Tables S1 and S2).

Discussion

Here we described the rationale, study design and base-
line findings of a community based follow-up study in
rural area of northwest Nicaragua. We have successfully

Population census : 520 (234
women, 286 men) subjects from 9
communities

|

Target population: 360 subjects (3:1
ratio; 270 men, 90 women) were
selected

Final sample population: 350
subjects

|

|
21 Men and women were excluded (16
reported diagnosis of CKD, 3 women had
hypertension and 2 women had diabetes)
139 Women were excluded by random
selection

|
[ 263 Men ]

| |
7 Women 7 Men refused to participate
3 Women did not attend

Fig. 2 Flow Chart outlining study population and recruitment. Overall participation from the final sample population was 97.2%
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Table 1 Demographic characteristics of baseline population by sex
Variable All participants Sex
Men Women
n (350) n (263) n (87)
Age (yrs), mean +SD 23+37 233+37 236+35
Years of school, mean +SD 64+34 62+34 7130
Household income per month (Cérdobas), mean + SD 7426 + 5333 7744 + 5531 6462 +4578
Number of family members, median (IQR) 4 (3-6) 4 (3-6) 4 (3-5)
Body mass index (BMI), median (IQR) 227 (21.0-299) 223 (208-24.1) 244 (21.8-300)
Systolic blood pressure (mmHg), median (IQR) 118 (109-124) 120 (111-126) 109 (103-119)
Diastolic blood pressure (mmHg), median (IQR) 68 (63-74) 69 (63-75) 68 (63-72)
Heart rate, median (IQR) 71 (65-78) 69 (64-76) 77 (71-83)
eGFR mL/min/1.73 m? median (IQR) 128 (121-137) 128 (120-137) 128 (123-136)
Ever smoked, # (%) 144 (41.0) 142 (53.0) 2(23)
Ever drank alcohol, # (%) 194 (554) 181 (68.8) 13 (149
NSAIDS®, # (%) 296 (84.6) 217 (82.5) 79 (90.8)
Urinary tract infection, # (%) 91 (26.0) 56 (213) 35 (40.2)
Nephrotoxic antibiotics®, # (%) 49 (140) 33(125) 16 (184)
SD standard deviation, eGFR estimated glomerular filtration rate, IQR Interquartile range, NSAIDs nonsteroidal anti-inflammatory drugs
*diclofenac and ibuprofen; “gentamicin and amikacin
Table 2 Frequency of traditional risk factors by labour history in the baseline population
Labour history? Sex(n) Age BMI Years of  eGFR mL/min/ Prevalenge of Prevalence of risk factors
¥ 2
Work ife  1.73 m low GFR Hypertension®  Nephrolithiasis  UTI
Mean Median Median ~ Median n n n n
(SD)  (IQR) (IQR) (IQR) (%) (%) (%) (%)
Only sugarcane Men 29 220 70 130 5 1 0 14
(n:49) (36) (204-242) (36-102) (121-139) (102) (20) (0) (286)
Women 234 269 45 133 0 0 1 4
(n:14) (39 (218-322) (30-9.7) (123-138) (0) (0) (7.1) (286)
Sugarcane with any other work ~ Men 239 226 91 127 20 2 1 37
(including other agricultural work) (n: 172)  (37)  (21.1-244) (6.0-122) (119-137) (11.6) (13) (0.6) (215
Women 243 281 10.1 126 0 0 0 8
(n:18) (34 (240-331) (49-140) (120-132) (0) (0) (0) (444)
Other agricultural work only Men 212 218 6.0 130 4 1 0 1
(n:27)  (34) (208-229) (20-115) (117-138) (14.8) (37 (0) (37)
Women 221 237 8.0 128 0 0 2
(n: 8) (26) (218-315) (26-107) (124-133) (0) (125) (0) (25.0)
Never worked in agriculture nor ~ Men 20 212 40 130 0 0 0 4
in sugarcane (n:15)  (43) (194-225) (20-11.0) (123-145) (0) 0) 0) (26.7)
Women 237 236 80 130 <} 2 21
(n:47)  (36) (214-28.1) (40-125) (126-137) (21 (106) (43) (447)
Total (350) 234 227 85 128 30 10 4 91
(37)  (210-249) (45-120) (121-137) (86) (29) (1.1) (26.0)

BMI Body mass index, UTI Urinary Tract Infection, GFR Glomerular Filtration Rate, eGFR Estimated Glomerular Filtration Rate, IQR Interquartile range

“Labour history categories grouped by current and previous occupation
PLow GFR: Low glomerular filtration rate was defined as eGFR <90 mL/min/1.73 m?
“Hypertension: History of high blood pressure
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partnered with a number of rural communities and
achieved >90% participation rates at baseline.

The prevalence of early kidney dysfunction in this
group of young apparently healthy adults provides
further evidence of the devastating scale of impact of
CKDu in agricultural workers in this region. Our base-
line data presented here indicates that despite initially
excluding participants with self-reported kidney disease,
11% of male participants had an eGFR <90 mL/min/
1.73 m®. The prevalence of lower eGFR amongst males
in this area of northwest Nicaragua is consistent with
the findings from previous studies [9, 23]. However, at
this level of kidney function the eGFR calculated by the
CKD Epi equation may over or underestimate the GFR
by up to 30 mL/min, dependent on factors such as
muscle mass and diet that vary between individuals.
Therefore multiple measurements within individuals are
needed to see whether these participants will go on to
develop what would be clinically significant kidney dys-
function. The two-year follow-up design of our study
will provide important data on the rate of decline of kid-
ney function and will further explore which exposures
are associated with within-person change in eGFR.

To perform community-based studies in the rural
areas of Nicaragua, and other less economically devel-
oped countries, requires an awareness of a number of
potential challenges. The study team has overcome bad
road conditions to reach geographically isolated neigh-
bourhoods (worsened by the rainy season) and frequent
migration of the economically active population (due to
lack of employment opportunities locally). Despite these
problems, the response rate for the recruitment into the
study was 97% of those initially identified as eligible
participants.

This study demonstrates the importance of a locally-
led, community-involved research team, which also has
extensive experience conducting community based stud-
ies [1, 4, 11, 24]. Knowledge of the geographical area
and experience regarding the social and cultural context
has meant that many obstacles could be overcome.

Our study has several limitations. The study is only
moderate sized due to the resources requirements for
multiple follow-up visits. Furthermore, the delay before
many of the analyses are performed may be frustrating for
the participants. Finally, we are unable to quantify work
exposures directly due to lack of access to workplace.

The main risk to the study going forward will be loss
to follow-up due to internal and external migration.
Rural communities have a tradition of working with sea-
sonal crops and sugarcane workers often leave their
communities at the end of each harvest season, to go
abroad or to other regions within the country in search
of temporary employment. With regular communication,
community engagement and the maintenance of good
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relationships between researchers, community leaders
and participants these problems should be minimised. A
further challenge is to manage any potential negative
consequences for participants taking part in the study.
Sugarcane workers from nearby communities are re-
ported to have lost their jobs as a result of participation
in a prior cohort study [11]. In an attempt to mitigate
against these types of consequences, the study team have
written to local employers (including those in the sugar-
cane industry) explaining the content and extent of this
study in order to reduce any concerns about workers’
participation. In addition, the study team takes particular
precautions to maintain participant’s confidentiality dur-
ing the study and beyond.

Conclusion

Community based follow-up studies have several advan-
tages over cross-sectional studies in the community or
research designs based in healthcare or occupational set-
tings. These include generalizability, reduction in selection
bias, better handling of reverse causation and recall bias,
along with the ability to utilize an outcome measure
(within-person change in eGFR) that allows the identifica-
tion of those sustaining the most significant chronic
kidney injury. The commitment and empowerment of the
leaders of this community, and the extensive experience of
fieldwork of the local researchers who are culturally
embedded will be key to maintaining participant engage-
ment and ensuring the success of this investigation.
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3.5 Supplementary material

Supplementary table 1: Demographic and anthropometric characteristics,
lifestyle factors and medical history among baseline participants in the
cohort study

Variables Men (n: 263) Women (n: 87)
eGFR (<90 mL/min/1.73 m?)* eGFR (<90 mL/min/1.73 m?)*
Yes (n: 29, No (n: 234, P- Yes (n: 1, No (n: 86, P-
11.0%) 90.0%) value 1.1%) 98.9%) value
Age (yrs), mean + SD** 247+29 23.1+3.8 0.022 28.0+0.0 23.6+3.5 0.202

Systolic blood pressure, 125.1+£10.3 118.1 £ 9.1 0.002 113.0x0.0 111.1x11.5 0.765
mean + SD**
Diastolic blood pressure, 752171 68.8+7.3 0.001 86.0+£0.0 68.8£8.7 0.135
mean + SD**
Heartrate, mean+ SD*  726%9.8  703:84 0256 86.0:00 77383 09

BMI. mean + SD** 240+37  228+35 0092 214:00 26361 (359
BMI > 25 kg/m2*** 6(20.7%)  41(17.5%) 0674  0(0%) 40 (46.5%)  __.
Education (yrs), mean + 6.2+ 4.1 62+34 0719 60%00  72%31  (7p5
SD**

Household income per
person in family
(cérdobas; 26.72 = 1
US$), mean + SD **

Total number of family
members who depend on 43+1.6 49+24 0.461 3.0+0.0 45+22 0.324
the household income**

7340 £4823 7794 +5620 0.802 4000.0+0 6491+4597 0.536

Age of first job, paid or

; e 143+3.2 146 +3.2 0.756 18.0+0.0 15.3+3.8 0.389
unpaid, mean + SD

Ever smoked*** 20 (69.0%) 122 (52.1%) 0.086 0 (0%) 2 (2.3%) ---
Ever drank alcohol*** 25(86.2%) 156 (66.6%) 0.032 1(100.0%) 12 (14.0%) ---
NSAIDs*** 22 (75.9%)  195(83.3%) 0.318 0 (0%) 79 (91.9%) ---
Nephrotoxic antibiotics*** 6 (20.7%) 27 (11.5%) 0.161 0 (0%) 16 (18.6%) -
Hypertension*** 2 (6.9%) 2 (0.9%) 0.061 0 (0%) 6 (7.0%) -
History diabetes*** 0 (0%) 0 (0%) - 0 (0%) 0 (0%) -
History kidney stones*** 0 (0%) 1 (0.4%) - 0 (0%) 3 (3.4%) -
History urinary tract 8 (27.5%) 48 (20.5%) 0.470 0 (0%) 35 (40.6%) -

infections (UTI)***

* eGFR was defined as eCKD-Epi GFR <90 mL/min/1.73 m?. ** Kruskal-Wallis test for non-normally distributed
continuous variables. *** Chi-square test for categorical variables or Fisher’s exact test at expected frequencies
<.

Abbreviations: BMI: body mass index, eGFR: estimated glomerular filtration rate, NSAIDs: non-steroidal anti-
inflammatory drugs.
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Supplementary table 2: Potential risk factors for heat stress among men

and women

Variables Men (n: 263) Women (n: 87)
eGFR (<90 mL/min/1.73 m?)* eGFR (<90 mL/min/1.73
mZ)*
Yes (n: 29, No (n: 234, P-value Yes (n: 1, No (n: 86,
11.0%) 90.0%) 1.1%) 98.9%)
Years of working life, mean + 10.2+3.9 84+4.7 0.032 10.0 82+49
SD**
Work hours per day, mean + 7.1+£1.9 72+24 0.890 10.0 8.0+2.0
SD**
Total duration breaks per day ~ 29.8+27.1  22.7+20.1 0.378 60.0 45.0+45.2
(minutes), mean + SD**
Number of breaks per day, 24+1.5 25+1.6 0.651 3.0 23+1.0
mean + SD
Very rapid work pace (%)*** 5(17.2%) 91 (38.8%) 0.022 No 27 (31.3%)
Hot environment in current 50172%) 47 (20.1%) 0.717 No 3 (3.5%)
job (%)***
Lifting weights > 50 pounds 6 (20.6%) 54 (23.0%) 0.773 No 5(5.8%)
(%)***
Physical effort in the last week 16 (55.1%) 133 (56.8%) 0.864 No 44 (51.1%)
Ever fainted due to work 2 (6.8%) 8 (3.4%) 0.304 No 5(5.8%)
(%)***
Weight loss in current job 8 (27.5%) 85 (36.3%) 0.353 No 30 (34.8%)

(self-reported)***

*eGFR was defined as eGFR <90 mL/min/1.73 m?; ** Kruskal-Wallis test for non-normally distributed continuous
variables; *** Chi-square test for categorical variables or Fisher’s exact test at expected cell frequencies <5.
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Chapter 4. Community-based longitudinal study- An unparalleled decline

in kidney function among young adults

4.1 Introduction to paper Il

This paper has been published in Journal of the American Society of
Nephrology (JASN) and presents the natural history of and factors associated
with the loss of kidney function in a high-risk rural population in northwest
Nicaragua. This study used prospective longitudinal data to identify the
subgroups of kidney function trajectories among young adults aged 18-30
years. Details of the cohort protocol were described in the rationale and

baseline findings were published paper Il and described in chapter 3.

A key aim was to describe the natural history of CKDu over time. Cross-
sectional studies have described that CKDu undergoes a fast progression to
end stage renal disease, but no reports have previously examined the rate of
decline in kidney function. This result prompted us to design a study to
understand the prognosis and how disabling or lethal this disease is among a

disadvantage population.

A further aim was to identify risk factors associated with a future rapid decline in
kidney function. The associations of a number of proposed risk factors
(sociodemographic data, occupational exposure, heat-stress, self-medication,
habits, dehydration symptoms, etc.) with the rapid decline were examined and a

sensitivity analysis was conducted with the exposure data that were collected
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solely after the harvest season (six months after the first visit for most

participants).

Initially, the longitudinal data were analysed using a multilevel model, however,
there was evidence of poor model fit and violation of the statistical assumptions
required for such models. Residuals were not randomly distributed around
individual slopes and did not follow a normal distribution. Based on this issue,
we decided to use a growth mixture modelling approach because this allow us
to identify classes of individual with similar trajectory of decline over time or with
similar clinical outcome. This approach was the most appropriate method for
fully capturing information about interindividual variations, heterogeneity of
different groups within a population and the statistical assumptions underlying
growth mixture modelling were met. However, this analysis raises a limitation
when the number of affected people in each subgroup of decline in kidney

function is too small leading to reduced power to detect association.

Tables and figures that describe the sociodemographic characteristics and

sensitivity analysis were included in this paper as supplementary materials. All

of these tables and figures are included in this chapter as section 4.5.
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Decline in Kidney Function among Apparently Healthy
Young Adults at Risk of Mesoamerican Nephropathy
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ABSTRACT

Background Epidemic levels of CKD of undetermined cause, termed Mesoamerican nephropathy in
Central America, have been found in low- and middle-income countries. We investigated the natural
history of, and factors associated with, loss of kidney function in a population at high risk for this
disease.

Methods We conducted a 2-year prospective, longitudinal study with follow-up every 6 months in nine
rural communities in northwestern Nicaragua and included all men (n=263) and arandom sample of women
(n=87) ages 18-30 years old without self-reported CKD, diabetes, or hypertension. We used growth
mixture modeling to identify subgroups of eGFR trajectory and weighted multinomial logistic regression
to examine associations with proposed risk factors.

Results Among men, we identified three subpopulations of eGFR trajectory (mean baseline eGFR; mean
eGFR change over follow-up): 81% remained stable (116 ml/min per 1.73 m? —0.6 ml/min per 1.73 m? per year),
9.5% experienced rapid decline despite normal baseline function (112 mi/min per 1.73 m? —18.2 ml/min per
1.73m? per year), and 9.5% had baseline dysfunction (58 ml/min per 1.73 m? —3.8 mi/min per 1.73 m? per year).
Among women: 96.6% remained stable (121 ml/min per 1.73 m?; 0.6 ml/min per 1.73 m? per year), and 3.4%
experienced rapid decline (132 ml/min per 1.73 m?: —14.6 ml/min per1.73 m? per year; n=3women). Among men,
outdoor and agricultural work and lack of shade availability during work breaks, reported at baseline, were
associated with rapid decline.

Conclusions Although Mesoamerican nephropathy is associated with agricultural work, other factors may
also contribute to this disease.

JAm Soc Nephrol 29: 2200-2212, 2018. doi: https://doi.org/10.1681/ASN.2018020151

CKD of undetermined cause (CKDu), also termed Men from communities affected by MeN pre-
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ica, has led to the deaths of tens of thousands of young  production from cane. Agricultural activity in this
adults in rural Nicaragua and El Salvador.!? Cross-  industry is concentrated in the dry season, which in
sectional studies have shown low (<60 ml/min per

1.73 m’) eGFR at a prevalence between 2% and 50%
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Nicaragua, occurs between November and May. Although a
leading hypothesis in Mesoamerica is that the disease relates to
heat stress, a number of other causes, including agrichemicals,
infection, and heavy metals, have been proposed.!-12-14

Empirical evidence for causes of CKDu has to date been
limited to identification of factors associated with either reduced
eGER in cross-sectional studies®!>!6 or loss of eGFR across the
harvest season in two workplace-based follow-up studies.!”18
Given the potential for reverse causation (i.e., reduced
eGFR resulting in changes in exposure) and misclassification
of exposures and/or outcome in the cross-sectional designs
along with the nongeneralizability and the substantial loss to
follow-up that occurred in the longitudinal workplace stud-
ies, evidence on risk factors for and evolution of CKDu is
extremely limited."®

Our aim was to investigate the natural history of disease,
specifically early loss of kidney function, along with risk factors
and urinary markers (albumin-to-creatinine ratio [ACR] and
neutrophil gelatinase-associated lipocalin [NGAL]) associated
with decline in eGFR. Therefore, we conducted a commu-
nity-based longitudinal study of an initially apparently healthy
young rural population in northwest Nicaragua.

METHODS

Cohort

Both local and United Kingdom-based institutional review
boards approved the study, and participants provided written
informed consent. The rationale and description of the study
design have been published elsewhere.?? Briefly, this was a
2-year longitudinal, community-based study following
350 participants ages 18-30 years old in the Leon and Chinandega
regions of Nicaragua (Figure 1). After engagement work, we
performed a census of all adults ages 18-30 years old in nine
rural communities. Because we were specifically interested
in associations with early kidney injury in MeN, all potential
participants with a self-reported diagnosis of CKD, diabetes,
or hypertension were excluded. All remaining men (because
men have been reported to suffer more CKDu) and women
selected at random (in numbers leading to a men-to-women
ratio of 3:1) were invited to take part. Participants were
predominantly recruited in November 2014, with an additional
7% recruited in May 2015, because recruitment targets had not
been met in November.

Procedures

Questionnaire data, clinical measurements, and biosamples were
collected at baseline and then every 6 months until November
2016. Participants were asked to respond to questions on demog-
raphy, occupational history and current job, lifestyle factors, and
symptoms. Urinary tract infection was recorded where partici-
pants reported a clinical diagnosis (which is common in this
part of Nicaragua), typically without urinalysis or microbiologic
confirmation. Body weight was measured with minimal clothes

J Am Soc Nephrol 29: 2200-2212, 2018
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Significance Statement

CKD of undetermined cause is the leading cause of death among
working-age adults in a number of Central American countries. This
is the firstcommunity-based, longitudinal study undertakenin the at-
risk population. The results show striking evolution of disease with a
substantial proportion of initially apparently healthy men and a small
number of women experiencing rapid loss of kidney function over
the 2-yearfollow-up. Although anumber of occupational risk factors
were identified, the range of study participants who sustained loss of
eGFR suggests that other factors also play a role. These findings
describe a highly prevalent, uniquely aggressive kidney disease with
no clear cause. Gaining insight into the etiology should be a global
health research priority.

using electronic scales (Seca, Birmingham, United Kingdom),
and height was measured using a portable stadiometer (Seca).
BP and heart rate were measured in a sitting position using a
calibrated digital sphygmomanometer (Omron, Kyoto, Japan)
after 5 minutes of quiet seated rest. A mean of three measure-
ments was recorded. Participants were asked to attend fasted
first thing in the morning (before work) in an attempt to reduce
within- and between-person variation in serum creatinine.

Biochemical Methods

Serum creatinine and cystatin C were both measured in a
single batch using quality control referenced to international
standards (for creatinine, isotope dilution mass spectrometry-
quantified National Institute of Standards and Technology
Standard Reference Material 967). eGFR was calculated using
the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) formula combining creatinine and cystatin C.2!
ACR along with semiquantitative protein and specific gravity
by test stick were performed in baseline urine samples thawed
for the first time. In addition, 55 samples (thawed for a second
time) selected using a nested patient-control approach were
analyzed for NGAL.

Statistical Methods

The collection and categorization of exposure variables are de-
scribed in Supplemental Material. Because eGFR trajectories
clustered in discrete subgroups (Supplemental Figures 1 and 2)
and differently between sexes, we used growth mixture modeling
(GMM) separately in men and women to empirically derive
latent classes of eGER trajectory.22 The GMM is a longitudinal
finite mixture model that allows identification of unobserved
latent classes of individuals following similar progression of
the outcome over time without imposing a priori constraints
on the levels of éGFR or rates of eGFR change (or the proportion
of participants experiencing any class of change). Each individ-
ual’s probability of belonging to a particular latent class is derived
entirely from the observed eGFR measurements, with individual
departures from the mean trajectory within each class represen-
ted by random effects. We primarily used the Bayesian Informa-
tion Criterion to determine the optimal number of classes
as suggested in this setting.2? The GMM was estimated by

eGFR Loss in Adults at Risk of MeN 2201
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INVITED: 360 (total cohort n=350)

Figure 1. Study participants were recruited from nine communities in Northwest Nicaragua and study retention rates were high.
(A) Location of the nine study communities in Nicaragua. (B) Cartoon showing the study timeline along with population, recruitment,

and follow-up numbers. Two participants died from ESRD.

maximum likelihood using an expectation maximization algo-
rithm, with 95% confidence intervals (95% ClIs) for the mean
rate of eGFR decline derived using conventional SEM.

Each individual was assigned a probability of each class
(eGFR trajectory) and then for the purposes of the descriptive
figure, tables, and urinary findings, allocated to the highest
probability group.

To test whether proposed causal exposures (alcohol or non-
steroidal anti-inflammatory drug use, occupational factors,
heat stress, agrochemical exposure, fever, dysuria, or water
quantity/quality/source in men only) were associated with rap-
idly declining eGFR trajectory, we conducted age- and educa-
tional level-adjusted analyses using probability-weighted
logistic regression (with weighting according to the participant’s
probability of each eGFR trajectory as per the GMM),

2202 Journal of the American Society of Nephrology

examining exposures individually using stable with preserved
eGFR trajectory as a reference. Associations where the 95% CI
of the odds ratio (OR) did not include unity were interpreted as
significant. We also performed a sensitivity analysis using expo-
sures assessed at visit 2 (only in those men recruited at visit 1) and
rapid decline given the seasonal variation in occupational expo-
sures. Those with baseline dysfunction were not the primary
focus of this study, but another analysis additionally exploring
associations between risk factors and this eGFR trajectory was
also performed using probability-weighted logistic regression
(Supplemental Material).

Differences in urinary markers in each eGFR trajectory
group (defined on the basis of the highest probability as above)
were investigated either in the whole population for ACR or
using a nested patient-control approach in the case of NGAL.

J Am Soc Nephrol 29: 2200-2212, 2018
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Table 1. Selected demographic, lifestyle, and occupational characteristics of the study cohort

Characteristic Overall, n=350 Men, n=263 Women, n=87
Personal and lifestyle factors
Age, yr, mean (SD) 23.93.7) 23.7(3.8) 24.2 (3.6)
Educational level, n (%)
Illiteracy 18 (5.1) 18 (6.8) 0(0)
Primary school 176 (50.3) 133 (50.6) 43 (49.4)
Secondary school 138(39.5) 100 (38.0) 38(43.7)
Higher education 18(5.1) 12 (4.6) 6(6.9
Body mass index, median (IQR) 22.7 (21.0-25.0) 22.4(20.8-24.1) 24.5(21.9-30.0)
Systolic BP, mm Hg, median (IQR) 117 (109-124) 119 (111-125) 109 (103-119)
Diastolic BP, mm Hg, median (IQR) 68 (63-73) 68 (63-74) 68 (63-72)
Household income, Cérdobas per 1 mo, median (IQR) 6000 (4000-9200) 6000 (4000-10,000) 5120 (3380-8144)
Family history of CKD, n (%)
Yes 165 (47.1) 126 (47.9) 39(44.8)
No 185 (52.9) 137 (52.1) 48 (55.2)
Annual alcohol consumption, g, median (IQR) -0 (0-849) 82.9 (0-1350) 0.0 (0-0)
Smoking pack-year, median (IQR) -0 (0-0) 00 (0-1) 0.0 (0-0)
NSAID use ever, n (%)
Never 58 (16.6) 49 (18.6) 9(10.3)
Occasionally 251(71.7) 185 (70.3) 66 (75.9)
Regularly 318.9) 23(8.8) 8(9.2)
Daily 10(2.8) 6(2.3) 4(4.6)
Water sources, n (%)
Piped water 186 (53.1) 139 (52.9) 47 (54.0)
Dug well 126 (36.0) 98 (37.2) 28(32.2)
Drilled well 38(10.9) 26(9.9) 12(13.8)
Water hardness, n (%)
Soft 0(0.0) 0(0.0) 0(0.0)
Moderately hard 97 (27.7) 67 (25.4) 30(34.5)
Hard 160 (45.7) 123 (46.8) 37 (42.5)
Very hard 93 (26.6) 73(27.8) 20(23.0)
Total liquid in last 24 h, median (IQR) .0(3.7-6.3) 6(4.2-6.7) 3.6(2.5-4.5)
Occupational factors
Current occupation, n (%)
Sugarcane 55(15.7) 45(17.1) 10(11.5)
Banana work 14 (4.0) 13(4.9) 1(1.1)
Other agricultural work 115(32.9) 109 (41.5) 6(6.9
Commerce 14 (4.0 5(1.9) 9(10.3)
Construction 10(2.9) 10(3.8) 0(0)
Fishing 7.0 7Q.7) 0(0)
Homeworker 54 (15.4) 0(0) 54 (62.1)
Student 6(1.7) 4(1.5) 2(2.3)
Unemployed 51(14.6) 49 (18.6) 2(2.3)
Other occupations® 24 (6.8) 21(8.0) 3(3.5)
Main sugarcane role (if ever worked in sugarcane), n (%)
Cane cutter 81 (23.2) 81(30.8) 0(0)
Seed cutter 56(16.3) 56 (21.3) 0(0)
Seeder 67(19.2) 47 (17.9) 21(24.1)
Cane cleaner 26 (7.4) 17 (6.5) 9(10.4)
Pesticide applicator 4(1.1) 4(1.5 0(0)
Cane irrigator 8(2.3) 8(3.0 0(0)
Driver 4(1.1) 4(1.9) 0(0)
Never worked in sugarcane 103(29.4) 46(17.5) 57 (65.5)
J Am Soc Nephrol 29: 2200-2212, 2018 eGFR Loss in Adults at Risk of MeN 2203
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Table 1. Continued

Characteristic Overall, n=350 Men, n=263 Women, n=87

Current or previous banana work, n (%)

Yes 56 (16.0) 47 (17.9) 9(10.3)

No 294 (84.0) 216 (82.1) 78(89.7)
Years in sugarcane, mean (SD) 2.2(2.8) 2.8(2.8) 0.67(1.7)
Years in agricultural, mean (SD) 3.64.4 4.3(4.5) 1.2(3.3)
Work carried out,” n (%)

Indoors 136(38.9) 69(26.2) 67 (77.0)

Qutdoors 214 (61.1) 194 (73.8) 20(23.0)
Work in a hot environment,® n (%)

Irregularly 137 (39.2) 92 (35.0) 45(51.7)

Regularly 74 (21.1) 57 (21.7) 17 (19.5)

Frequently 139 (39.7) 114 (43.3) 25(28.8)

Always 0(0) 0(0) 0(0)
Shade availability,b n (%)

Yes 254 (72.6) 190(72.2) 64(73.6)

No 96 (27.4) 73 (27.8) 23(26.4)
Duration of breaks, min,® median (IQR) 20 (10-30) 15.0 (10-30) 30.0 (20-60)
Physical effort at work, n (%)

Did not work 15(4.3) 14 (5.3) 1(1.2)

Slight 142 (40.6) 100 (38.0) 42 (48.3)

Moderate 155 (44.2) 119 (45.3) 36(41.4)

Hard 38(10.9) 30(11.4) 8(9.2)
Glyphosate use,” n (%)

Yes 77 (22.0) 77 (29.3) 0(0)

No 273(78.0) 186 (70.7) 87 (100.0)
Paraquat use,b,d n (%)

Yes 44 (12.6) 44 (16.7) 0(0)

No 306 (87.4) 219(83.3) 87 (100.0)
Cypermethrin use,® 4 n (%)

Yes 75(21.4) 73(27.7) 2(2.3)

No 275 (78.6) 190(72.2) 85(97.7)
Methomy! use,® % n (%)

Yes 12 (3.4) 12 (4.6) 0(0)

No 338(96.6) 251 (94.4) 87 (100.0)

Clinical history/symptoms

Heat/dehydration symptoms,b n (%)

Yes 240 (686) 175 (665) 65 (74-7)

No 110 (31-4) 88 (33-5) 22 (25:3)
UTl in the previous year, n (%)

Yes 91(26.0) 56 (21.3) 35(40.2)

No 259 (74.0) 207 (78.7) 52(59.8)
Weight loss,® n (%)

Yes 63(18.0) 55(20.9) 8(9.2)

No 287 (82.0) 208 (79.1) 79 (90.8)
Dysuriab

Yes 94 (26.9) 72 (27.4) 22(25.3)

No 256 (73.1) 191 (72.6) 65(74.7)
Fever®

Yes 36(10.3) 32(12.2) 4(4.6)

No 314 (89.7) 231(87.8) 83(95.4)

Study visits and outcome
Initial serum creatinine, mg/dl, median (IQR)
Final serum creatinine, mg/dl, median (IQR)

0.81(0.70-0.90)
0.81(0.70-0.90)

0.84(0.77-0.94)
0.91(0.80-1.03)

0.63(0.57-0.68)
0.64(0.57-0.72)

2204 Journal of the American Society of Nephrology
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Table 1. Continued

Characteristic Overall, n=350 Men, n=263 Women, n=87
Initial cystatin C, mg/L, median (IQR) 0.82(0.74-0.92) 0.85(0.77-0.95) 0.72 (0.67-0.80)
Final cystatin C, mg/L, median (IQR) 0.84 (0.76-0.94) 0.88 (0.80-1.01) 0.72 (0.67-0.80)
Initial eGFR, ml/min per 1.73 m?, median (IQR) 118.3(106.6-125.4) 116.2 (102.4-124.6) 122.0(116.3-127.2)
Final eGFR, ml/min per 1.73 m?, median (IQR) 113.1(99.4-122.3) 110.4 (92.5-120.1) 120.2 (110.6-126.6)

eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration equation on the basis of creatinine and cystatin c. Questionnaire data before
recoding are presented in Supplemental Table 1. IQR, interquartile range. NSAID, nonsteroidal anti-inflammatory drug; UTI, diagnosed with a urinary tract infection
typically without microbiologic or dipstick confirmation.?Other occupations include teacher, painter, shoemaker, security, manufacturing operator, and barber.

“Over the last 6 months.
“Over the last week.
“Data were collected at the second visit.

Differences between groups were explored using ANOVA with
the Dunnett post hoc test. Positive and negative predictive
values were calculated for urinary NGAL for the rapid decline
versus stable group.

RESULTS

Cohort and Follow-Up

Five hundred twenty adults ages 18-30 years old were identi-
fied in the study communities. After exclusion of 4% of the
potential participants because of self-reported CKD, diabetes,
or hypertension, 350 participants (of the 360 invited after ran-
dom selection of eligible women; 97%) were included in the
study.20 Overall, participants attended a total of 1581 study
visits over the 2-year follow-up (92% of planned visits). Two
participants died from ESRD during the study period. The
cohort is described in Figure 1 and Table 1.

The median eGEFR in men was 116.2 ml/min per 1.73 m*
(interquartile range [IQR], 102.4-124.6) at baseline, and
110.4 ml/min per 1.73 m* (IQR, 92.5-120.5) at the end of
follow-up. The corresponding figures for women were
122.0 ml/min per 1.73 m* (IQR, 116.3-127.2) at baseline
and 120.2 ml/min per 1.73 m* (IQR, 110.6-126.6) at the
end of follow-up. The eGFR varied by season (Figure 2),
with a median of 116.0 ml/min per 1.73 m? (IQR, 102.7-123.8)
at the end of the rainy season (November; i.e., before sugarcane
harvest, all years combined) compared with 113.4 ml/min per
1.73 m® (IQR, 100.8-122.4) at the end of the dry season
(May; i.e., after sugarcane harvest, all years combined). This
effect was greatest in those participants with lower eGFRs,
but it was also present in those with stable kidney function
(Supplemental Table 2).

eGFR Trajectory Groups

Using GMM, we identified three different subgroups in men and
two subgroups in women on the basis of the model intercept
(baseline eGFR) and slope (change in eGFR over time). Among
men (Figure 3A), the majority (81%) of men had preserved and
stable eGFR; however, 9.5% (1=25) had baseline kidney dys-
function (eGFR of approximately 60 ml/min at recruitment),
and another 9.5% experienced rapid decline in eGFR (with a

J Am Soc Nephrol 29: 2200-2212, 2018

mean loss of 18 ml/min per 1.72 m” per year) despite preserved
eGFR at baseline. Almost all of the women (Figure 3B) had pre-
served and stable eGFR, but 3.4% (1n=3) also experienced rapid
decline (with a mean loss of 14 ml/min per 1.72 m* per year). No
differences were seen between communities in the proportions
of participants in these subgroups.

Baseline sociodemographics, occupational history, occupa-
tional exposures, lifestyle factors, and symptoms stratified by
the assigned kidney trajectory groups are presented in Supple-
mental Tables 2 and 3. The frequencies of indoor work and
availability of shade were both lower in the rapidly declining
subgroup. Of the three women who fell into the rapid decline
group, one had worked in (nonsugarcane) agriculture, and
two worked exclusively at home.

Adjusted Associations with Rapid Decline Trajectory
Baseline age— and educational level-adjusted probability-
weighted associations with the rapid decline in eGFR
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Figure 2. Median eGFR was lower postharvest than preharvest.
Box and whisker plot of eGFR across the study population. The
dashed line represents the median of all eGFR values in the
population across the study.

2205
108

eGFR Loss in Adults at Risk of MeN



CLINICAL EPIDEMIOLOGY | www.jasn.org
A 150, 1504 150,
135 135 1351
120 1200\ 1201  [Baseline kidney dysfunction
€ 1058 1051 1051
,\‘ -
T 904 901~ 90
£ > 7
S = /
3 75 751/
é g v
x 60 601
o)
O 45 ' 451 o >
301 301 o~
151 IPreserved and stable eGFRI 151 15 '
0 T T T ! 0 T T r ) 0 . . - )
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
Months Months Months
B s, ” 150,
A : = 135
120‘;\‘\N\
. ~,\\‘\ i
€ 1051 2= —
P —Cwa
b3y 90 -
£ y
S
S 75 751
E
¢ 60 60
&
o) 45 451
30 30
151 |Preserved and stable eGFR 154 Rapid decline in eGFR
0 : : : : 0 . ; . ;
0 6 12 18 24 0 6 12 18 24

Months Months

Figure 3. A substantial proportion of men and a small number of women experience rapid decline in eGFR. Individual eGFR values
over time stratified by trajectory subgroup. (A) Three subgroups were identified in 263 men, and (B) two subgroups were identified in
87 women. Each line represents the individual eGFR of a single participant. Each participant was allocated to the group of highest
probability derived from the growth mixture model. Coefficients for the three groups of men: preserved and stable eGFR (n=213;
intercept [mean eGFR at baseline], 113.3 ml/min per 1.73 m?; 95% confidence interval [95% ClJ, 111.3 to 115.3; slope [mean eGFR
decline over time], 0.6 ml/min per 1.73 m? per year; 95% Cl, 0.0 to —0.9); rapid decline in eGFR (n=25; intercept, 109.5 ml/min per
1.73 m% 95% Cl, 99.1 to 119.9; slope, —18.2 ml/min per 1.73 m? per year; 95% Cl, —13.5 to —22.9); and baseline dysfunction (n=25;
intercept, 55.6 ml/min per 1.73 m?: 95% Cl, 48.5 to 62.7; slope, —3.8 ml/min per 1.73 m? per year; 95% Cl, =0.7 to —6.9). Coefficients
for the two groups women: preserved and stable eGFR (n=84; intercept, 120.5 ml/min per 1.73 m?: 95% Cl, 118.1 to 122.9: slope,
=0.6 ml/min per 1.73 m? per year; 95% Cl, 0.2 to —1.4). We also identified a small number with rapid decline in kidney function (n=3;
intercept, 127.5 ml/min per 1.73 m? 95% Cl, 119.3 to 135.7; slope, —14.6 ml/min per /1.73 m” per year; 95% Cl,~7.5 to —21.7).

trajectory in men using the preserved and stable trajectory as
the reference are presented in Table 2. Outdoor work (OR,
10.35; 95% CI, 1.35 to 79.24), (nonsugarcane) agricultural
work (OR, 3.57; 95% CI, 1.14 to 11.13), and lack of shade

2206 Journal of the American Society of Nephrology

available during work breaks (OR, 3.74; 95% CI, 1.59 to
8.76) were associated with this outcome. However, we found
no evidence for associations between rapid decline and years
of work in sugarcane or agriculture; self-reported physical

J Am Soc Nephrol 29: 2200-2212, 2018
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Table 2. Age- and education level-adjusted associations of rapid decline in eGFR by baseline exposure in study participants
who were men

Rapid Decline in eGFR?

Characteristic
OR 95% Cl

Alcohol consumption

Any 1.69 0.70t0 4.10

None Reference Reference
NSAID use

Daily/regularly 1.28 0.34t04.74

Never/occasionally Reference Reference
Water sources

Piped water 0.79 0.34t0 1.81

Dug well/drilled well Reference Reference
Water hardness

Soft/moderately hard 1.21 0.47 to 3.1

Hard/very hard Reference Reference
Total liquid in last 24 h, L

>5.0 1.01 0.43t02.38

<5.0 Reference Reference
Current occupation

Sugarcane 1.51 0.31t07.29

Agricultural work 357 11410 11.13

Other occupations/EIP Reference Reference
Main sugarcane role (if ever worked in sugarcane)

Cane/seed cutter 2.15 0.57 t0 8.06

Seeder 1.82 0.40t08.20

Other cane jobs 0.94 0.14 t0 6.08

Never worked in sugarcane Reference Reference
Current or historical banana work

Yes 1.77 0.60t05.18

No Reference Reference
Years in sugarcane 1.02 0.87t01.19
Years in agriculture 0.99 0.89t0 1.09
Work carried out®

Qutdoors 10.35 1.35t079.24

Indoors Reference Reference
Work in a hot environment®

Regular/frequently 0.46 0.20t0 1.06

Irregularly Reference Reference
Shade availability®

No 3.74 1591t08.76

Yes or inside Reference Reference
Duration of breaks,® min

<10 1.86 0.80t0 4.33

>10 Reference Reference
Physical effort at work®

Moderate/hard 1.40 0.59t03.32

None/slight Reference Reference
Agrochemicalsb,d

Yes 1.70 0.72t04.03

No Reference Reference
Heat/dehydration symptoms®

Yes 1.40 0.55t0 3.55

No Reference Reference
Dysuriab

Yes 1.18 0.48t0 2.89

No Reference Reference
J Am Soc Nephrol 29: 2200-2212, 2018 eGFR Loss in Adults at Risk of MeN 2207
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Table 2. Continued
Rapid Decline in eGFR®
Characteristic
OR 95% Cl

Fever®

Yes 2.41 0.80t07.27

No Reference Reference

Agricultural work includes all nonsugarcane agricultural work. OR, odds ratio; 95% Cl, 95% confidence interval; NSAID, nonsteroidal anti-inflammatory drug; EIP,

economically inactive population.

*Rapid decline versus preserved and stable eGFR. Probability weighted according to the results of the growth mixture model.

bOver the last 6 months.
“Over the last week.

“Data were collected at the second visit and included glyphosate, cypermethrin, paraquat, and methomyl.

effort in the last week at work; self-reported occupational heat
or agrochemical exposure over last 6 months; alcohol con-
sumption, self-reported fluid consumption, or water quality
or source; heat/dehydration-related symptoms; or use of non-
steroidal anti-inflammatory drugs.

We were concerned that the questionnaire administered at
baseline might fail to capture important occupational expo-
sures, because for most participants, it was conducted 6 months
after the harvest season. Therefore, we conducted a sensitivity
analysis (men recruited at the November visit only; n=213)
examining the association with the same rapid decline eGFR
trajectory as above and occupational exposures, hydration var-
iables, and heat-related symptoms captured at the second
study visit (May 2015; immediately after harvest) (Supple-
mental Table 4). At this time point, no associations were
detected between working outdoors or lack of shade and rapid
decline in eGFR trajectory (although very few participants were
not exposed). There was an association between both those
working in a sugarcane cutting role (OR, 3.84; 95% ClI,
1.17 to 12.58) and those reporting fever over the last 6 months
(OR, 5.77;95% ClI, 2.03 to 16.33) and rapid decline trajectory,
but in line with the baseline exposure analysis, no associations
were observed between self-reported measures of heat expo-
sure, combined heat-related symptoms, or fluid intake and
outcome (Supplemental Tables 5 and 6).

Urinary Findings

No associations were found between dipstick proteinuria,
specific gravity, or ACR and eGFR trajectory subgroups
(Tables 3 and 4). Urinary NGAL levels among men differed
between the three groups tested (Figure 4). The positive
and negative predictive values of NGAL=5.5 pg/mmol for
rapid decline were 28.5% and 62.5%, respectively.

DISCUSSION

This is the first community-based cohort study from an area
with highreported prevalence of MeN and the first longitudinal
study of at least moderate size with follow-up of >6 months
in an area at high risk of disease. Even after excluding those
with self-reported CKD, 9.5% of the apparently healthy men

2208

Journal of the American Society of Nephrology

(but no women) in the study had evidence of baseline renal
dysfunction. Rapid loss of eGFR from normal baseline levels
was found in another 9.5% of men and 3.4% of women.
Among men, risk factors at baseline for rapid decline included
working outdoors, agricultural work, and lack of shade avail-
ability, but none of the other questionnaire responses aimed
at capturing heat stress, time-accumulated occupation, or
other proposed causes of MeN were associated with the out-
come at baseline. Because of small numbers, we were unable to
examine associations in women.

Other important findings from our study include the cy-
clical annual fluctuation in renal function across the entire
population, with the average eGFR approximately 2.5-ml/min
per 1.73 m? lower after the dry (harvest) season compared
with 6 months earlier. Furthermore, although there were no
differences in albuminuria between those with different kid-
ney function trajectories, urinary NGAL was substantially
higher among those with baseline dysfunction and marginally
elevated in the rapid decline group.

Although CKDu has been anecdotally reported as an ag-
gressive disease,! the rate of loss of kidney function in those
in the rapid decline group who make up almost 10% of the
unselected population of young men in our study is, to our
knowledge, without precedent. Even compared with eGFR
decline in other forms of CKD seen in clinic populations,
the observed loss of kidney function is alarming.
Although a recent biopsy study that enrolled patients with
established CKDu reported a rate of decline in eGFR of
7.0 ml/min per 1.73 m* per year among men with a history
of work in the sugarcane,? there have been no longitudinal
studies that have examined medium- or long-term (>1-year)
changes in kidney function in the at-risk population. The rate
of eGFR decline has been explored in more detail in other
forms of CKD; for example, a longitudinal study in 55 clinic
patients with diabetic nephropathy from Belgium reported
that approximately 15% of patients suffered severe decline
in kidney function (defined as eGFR loss >4 ml/min per
1.73 m* per year).2> Most recently, Boucquemont et al.2¢
examined eGFR decline in a patient population with CKD
in France using a similar latent class-based modeling ap-
proach to that used in this analysis. This study reported
severe eGFR decline in only 0.6% of patients (approximately

J Am Soc Nephrol 29: 2200-2212, 2018
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Table 3. Description of urinary findings at baseline by assigned eGFR trajectory groups in men

Preserved and Stable

Rapid Decline in Baseline Dysfunction,

Urine Findings Overall, n=263 ¢GFR, n=213 eGFR, n=25 =25

Urinary specific gravity, n (%)

=1020 256 (97.3) 207 (97.2) 24(96.0) 25(100.0)

>1020 7(2.7) 6(2.8) 1(4.0) 0(0)
Protein, n (%)

Negative 224 (85.2) 181 (85.0) 22(88.0) 21(84.0)

Trace 25(9.5) 19 (8.9) 2(8.0) 4(16.0)

Positive 14 (5.3) 13 (6.1) 1(4.0) 0(0)
ACR, mg/g, n (%)

=30 15(5.7) 11(5.2) 0(0) 4(16.0)

<30 248 (94.3) 201 (94.8) 25(100.0) 21(84.0)

Participants were assigned to the group with the highest probability in the growth mixture model. Pvalues were NS by Fishers exact test for differences by group.

ACR, albumin-to-creatinine ratio.

50 ml/min per 1.73 m” over almost 6 years). Therefore, our
study findings underline the unique and severe nature of
kidney disease in this region.

The associations with rapid decline trajectory in men
suggest that occupation (outdoor agricultural work) is an
important risk factor for loss of kidney function, consistent
with previous reports.'8 The temporary nature of work in this
population makes distinguishing relationships between spe-
cific occupations and eGFR loss challenging; however, it is
interesting to note that neither time-accumulated sugarcane
work nor agricultural work were associated with outcome.
Furthermore, the association between lack of available shade
at baseline and rapid decline trajectory suggests that working
environment may play an important role in disease evolution
either by (not reducing) solar exposure or as a surrogate for
generally poor occupational conditions. Consistent with this
and in line with previous crossharvest studies,'” we identified
an association between rapid decline and a cane/seed cutting
role (a job role that has been associated with particularly
hot working conditions) in a sensitivity analysis examining
associations with exposures assessed postharvest.

The abscence of an association between variables aimed at
capturing heat stress (self-reported physical effort the previous
week at work and both work in very hot environment and

combined dehydration/heat stress symptoms in the last
6 months) and the outcome measure, both at baseline and
in the sensitivity analysis with exposures assessed at visit
2 raises further questions. Although self-reported measures
of thermal sensation and physical exertion have been shown
to robustly capture acute physiologic heat stress,2” our (similar)
instruments (and/or our combined measure of heat symp-
toms) may not be valid in the rural Nicaraguan population,
or they may not reflect time-accumulated heat stress. Alterna-
tively, we may have had inadequate power to detect heat stress
as a partial contributor to eGFR decline, or otherwise, it may
be that nonheat-related occupational exposures promote the
development of CKDu. Finally, the association between self-
reported fever over the previous 6 months at the second study
visit and the rapid decline trajectory might support a proposed
infective/inflammatory contributor to MeN,?® although this
finding was from a sensitivity analysis and should be treated
with caution.

In summary, our data do not provide clear evidence for a
cause of the disease. Along with occupation, the importance
of nonoccupational factors is supported by (1) the range of
jobs undertaken by the men experiencing rapid decline and
(2) the 3.4% of women in our study who also showed a rapid
loss of eGFR. As others have suggested,? separate initiating

Table 4. Description of urinary findings at baseline by assigned eGFR trajectory groups in women

Urine Findings Overall, n=87 Preserved and Stable eGFR, n=84 Rapid Decline in eGFR, n=3

Urinary specific gravity, n (%)

<1020 81(93.1) 79 (94.1) 2(66.7)

>1020 6(6.9) 5(.9) 1(33.3)
Protein, n (%)

Negative 70 (80.5) 68(81.0) 2(66.7)

Trace 13(14.9) 12(14.3) 1(33.3))

Positive 4(4.6) 4(4.7) 0(0)
ACR, mg/g, n (%)

=30 9(10.3) 9(10.7) 0(0)

<30 78(89.7) 75(89.3) 3(100.0)

Participants were assigned to the group with the highest probability in the growth mixture model. Given the small number in some cells, no statistical tests were

performed. ACR, albumin-to-creatinine ratio.
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Figure 4. Urinary NGAL concentrations were higher in men with
baseline kidney dysfunction and those who experienced rapid
decline in eGFR. Box and whisker plot of urinary neutrophil ge-
latinase-associated lipocalin (NGAL)/creatinine concentrations by
assigned eGFR trajectory group among male study participants.
Lines indicate medians. Boxes are interquartile ranges. Whiskers
indicate 1.5X interquartile ranges. Dots are outlying values.
Stable group, n=55; rapid decline group, n=25; baseline dys-
function, n=24. *P=0.03 using ANOVA followed by the Dunnett
multiple comparisons test (using the stable and preserved eGFR
group as the reference); ****P=0.001 using ANOVA followed by
the Dunnett multiple comparisons test (using the stable and
preserved eGFR group as the reference).

and exacerbating factors should be considered, such as in other
forms of CKD. For example, the progression of kidney disease
due to known causes (e.g., diabetes or GN) can be exacerbated
by episodes of volume depletion. Therefore, the possibility of
an initial (currently unknown) subclinical insult, which is then
exacerbated by the harsh working conditions, might explain
the increased rates of eéGFR loss and excess of advanced disease
in men.

Although other studies have identified changes in urinary
biomarkers in sugarcane workers over the harvest season
in Mesoamerica,?® none have examined associations with
subsequent eGER loss over the medium term. There were no
associations between dipstick proteinuria or ACR and eGFR
trajectory group. Although albuminuria is a strong risk factor
for renal decline in most populations, this is consistent with
previous reports from Mesoamerica, where patients with
established CKDu show only low-grade proteinuria.®2430
Urinary NGAL levels were substantially raised in those with
baseline dysfunction, but levels in the rapid decline group
overlapped with the stable group, making this test poorly pre-
dictive at an individual level.

Finally, it is worth noting the seasonal variation of eGFR in
the population. Other studies (unrelated to CKDu) have
described similar seasonal differences in renal function332;
whether this variation is in any way related to the factors
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that cause MeN is unclear, but this finding does need to be
considered when interpreting the change in eGFR reported
in crossharvest studies.>'8 Ideally, any future longitudinal
biomarker study should be of >1 year in duration to ensure
that small falls in eGFR do not reflect cyclical seasonal changes.

Our study has several strengths. Overall response rates were
high, and the eGFR was estimated using robust methods. We
excluded those with self-report of diabetes and hypertension in
anattempt to focus our study on eGFR decline due to MeN, and
the prospective nature of our study enabled us to identify those
with aggressive disease without necessarily meeting definitions
for CKD. Furthermore, we excluded those with established
renal disease (either by self-report from the study as a whole
or by examining only those with preserved eGFR at baseline for
the risk factor analysis), and hence, we could overcome issues
associated with reverse causation.

Our study also has limitations. We did not formally exclude
diabetes in our participants. Although often undiagnosed,
the prevalence of diabetes is low in Nicaraguans of this age group,*
and none of those in the rapid decline group showed albuminuria
(or glycosuria; data not presented), making an underlying diabetic
lesion highly unlikely. We also relied on self-report to quantify the
majority of occupational and environmental exposures. Although
questionnaire-based assessments are useful instruments, none of
them have been validated in the Nicaraguan population; there-
fore, some exposures may be prone to misclassification. The
study took place in a confined geographical area, which limits
generalizability. Resources restricted our study to a moderate
sample size, and we had to alter our statistical approach. We
were nonetheless able to detect a number of strong associations
with eGFR trajectory, but the analytical change did lead to a
reduction in power. Therefore, we would have expected to
identify associations with a primary cause of disease that had
been reliably captured by questionnaire but may have missed
weaker associations, particularly with contributing exposures.
The baseline dysfunction group is unrepresentative due to se-
lection criteria (those with established CKD were intentionally
excluded at recruitment) and possibly survivor bias (due to the
small number of deaths in this group), and the nature of the
study design means that the relationship between rapid
decline in eGFR and hard outcomes could not be described.
However, we hope to perform extended follow-up to investi-
gate the longer-term outcomes in the cohort. Finally, the
CKD-EPI formula has not been validated for this population,
although because we were interested in within-person change
in eGFR, this is unlikely to be of major importance.

In conclusion, this is the first community-based cohort
study that describes the natural history of eGFR in those at
risk of MeN. Almost 10% of apparently healthy young men and
3.4% of young women showed a marked decline in kidney
function. Additional studies with at least 1-year of follow-up
are needed to understand the causes of this decline, including
the risks associated with outdoor (agricultural) work. Efforts
to identify biomarkers of this early loss of eGFR rather than
established disease are essential to gain a better understanding

J Am Soc Nephrol 29: 2200-2212, 2018
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of etiology as well as to identify the population(s) that would
benefit from interventions. A combined multidisciplinary
approach is called for in partnership with the affected communities
and local employers to address this devastating disease.
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Supplementary Table 1: Symptoms reported over the last 6 months that
were reported at baseline
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characteristics of male study participants stratified by assigned eGFR
trajectory group

Supplementary Table 3: Baseline demographic and lifestyle
characteristics of female study participants stratified by assigned eGFR

trajectory group

. Supplementary Table 4. Occupational characteristics, heat symptoms

and liquid intake at visit 2 for males recruited at the first study visit only,
stratified by assigned eGFR trajectory group

Supplementary Table 5. Age- and education level-adjusted associations
of the rapid decline trajectory with exposures at visit 2 among male study
participants

Supplementary Table 6: Age- and education level-adjusted associations
of baseline kidney dysfunction with baseline exposures in male study
participants

Supplementary Table 7: Age- and education level-adjusted multivariate
analysis of associations of baseline exposures with changes in eGFR

over the follow-up period in the male population.
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5. Supplementary Figures
a. Supplementary Figure 1: Distribution of eGFR trajectories in the study
population.
b. Supplementary Figure 2: Serum creatinine levels in the different eGFR

trajectory groups over time.

1. Supplementary Methods

Communities and population: The study was conducted in 9 rural
communities in the Leon and Chinandega regions of northwest Nicaragua. Most
members of these communities had not previously participated in CKD research
studies, but no one had participated in previous studies. Following engagement
activities, the study team enumerated the de jure population aged 18-30 years
in each village by visiting dwellings and liaising with families and community
leaders. A comparison with current local government data suggests that the
sampling frame n=520 represented 10-15% of the total population (including
children) of the area. Internal and external migration indicates that numbers of
adults in this age range are relatively underrepresented in these rural

communities.

Questionnaire data, clinical measures and water samples: \We collected
exposure variables using a questionnaire, the details of which are available
elsewhere." In addition, at the second visit, we also asked participants to report
any use of glyphosate, paraquat, methomyl, and cypermethrin with assistance

from a visual catalogue.
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Questionnaires collected the following data at baseline and each study visit:

A. Demographics: age, education, household income per month, water
sources, and social security status.

B. Occupational history: current occupation, previous history of sugarcane
work, predominant sugarcane job if the individual ever worked in the
sugarcane industry, current and historical banana work, previous job
duration, and number of sugarcane harvests or pre-harvests worked.

C. Current occupational exposures: daily work hours, duration of breaks,
location of work, experience of a hot working environment, availability of
shade during work breaks, physical effort last week at work, weight loss at
work.

D. Lifestyle factors: grams of alcohol consumed over the last year, smoking in
pack-years, liquid (water and soft drinks) intake in the last 24 hours, and use
of nephrotoxic medications at any time.

E. Self-reported symptoms in the last 6 months, which were separated into the
following categories: (i) heat-related/dehydration symptoms: headache,
tachycardia, muscle cramps in the arms or legs, fever, nausea, difficulty
breathing, muscle weakness, dizziness, vomiting, fainting, dysuria, dry
mouth, very dark urine, very little urine, extreme tiredness and confusion;>*
(ii) self-reported weight loss; (iii) self-reported diagnoses of urinary tract
infections in the previous year. Original symptom questionnaire responses

for the whole population are summarized in Supplementary Table 1.

Height, weight and blood pressure were measured using standard procedures

and calibrated devices.
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Water was collected from participants' primary water source at baseline and the
second visit only. Water was collected and stored in polypropylene containers at
4°C. Water hardness was calculated from the sum of concentrations of calcium
and magnesium cations (as calcium carbonate, in mg/L), which were measured
using inductively coupled plasma mass spectrometry at Imperial College

London.

Urine and serum markers: All biosamples were stored at 4°C upon collection,
frozen at the end of the study day (-20°C, for up to 2 weeks), and then stored at
-80°C following transfer to the UK. A dipstick (Siemens Multistix, SG10)
analysis was performed on previously frozen urine samples to semi-
quantitatively assess protein concentrations and specific gravity. Albumin levels
were quantified using a colorimetric method with a bromocresol green Albumin
Assay Kit (Sigma-Aldrich, MAK124). Baseline urine samples from men that had
been previously frozen and stored at -80°C for 2.5 years were analysed for
neutrophil gelatinase-associated lipocalin (NGAL) levels. Samples from fifty-five
individuals in the stable kidney function group were randomly selected, and
samples from all individuals displaying a rapid decline in kidney function or who
exhibited established renal dysfunction at baseline were examined. NGAL
levels were measured using enzyme-linked immunoassay (ELH-Lipocalin2,
RayBiotech) according to the manufacturer’s instructions. Albumin and NGAL
levels are reported as ratios to urinary creatinine levels measured using the

Jaffe method (Sigma-Aldrich, C4255).
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Serum creatinine (Scr) and cystatin C (Scys) levels were both measured in a
single batch analysis of all 1581 stored study samples at the Nuffield
Department of Population Health Wolfson Laboratories from the Clinical Trials
Services Unit (CTSU), Oxford University using quality control referenced to
isotope dilution mass spectrometry traceable international standards. The Scr
levels were quantified using a Beckman AU680 Chemistry Analyser (Jaffe
compensated method) and Scys levels were measured using a Siemens BN
ProSpec (nephelometry). Mean expanded uncertainty values were: 3% at both
2.2 mg/dL and 4.7 mg/dL for Scr; and 8% at 0.7 mg/L and 6% at 2.1 mg/L for
Scys. The CKD EPI formula for serum creatinine - cystatin C levels was then

used to estimate the GFR.

Exposure variables: The original frequencies of self-reported symptoms (prior
to recording) are presented in Supplementary Table 1. Prior to association
analyses, income was recorded using the World Bank definition of poverty of an
income of US $1.90/day and education level of illiteracy or attendance at
primary-level education versus attendance at secondary- or higher-level
education. Current occupation was grouped into sugarcane work, other
agricultural work, and other occupations/economically inactive population; the
predominant sugar cane role was categorized by potential heat exposure as
(cane/seed) cutters, seeders or other roles. Work breaks categorized as <10
minutes or >10 minutes; self-reported occupational agrochemical exposure was
reported as the use of any of glyphosate, paraquat, cypermethrin, or methomyl,
and the degree of physical effort in last week at work was reported as none or

slight versus moderate or hard. Lifestyle risk factors included daily average
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alcohol consumption over the last year, which was defined as none (0 grams for
both sexes) versus any (1-60 grams for males and 1-40 grams for females), and
current smoking status classified as never smokers (0 pack-years) or light
smokers (1-20 pack-years). Non-steroidal anti-inflammatory drug use was
recorded as daily or regularly versus occasionally or never. The self-reported
diagnosis of urinary tract infections was also recorded. Self-reported symptoms
were categorized as positive for any one heat-related/dehydration symptom,

along with fever, dysuria and self-reported weight loss.

Three variables related to fluid consumption were analysed: water sources
(piped water or water from a dug well/drilled well) and total liquid intake in last
24 hours (<5 litres/day, and >5 litres/day). Water hardness was grouped based

as soft/moderately hard (0-120 mg/L), and hard/very hard (=121 mg/L).

Additional statistical methods

Continuous variables were summarized as means and standard deviations or
medians and interquartile ranges, and categorical variables are reported as
frequencies/percentages. For further analyses, non-normally distributed
continuous variables were categorized, and ordinal variables were recorded to

avoid small cell numbers (see Supplementary Table 1).

We found that a multivariate linear model exhibited a poor fit with non-normally
distributed residuals, as eGFR trajectories clustered in sub-populations and
differed between men and women. Therefore, we used a growth mixture

modelling (GMM) approach. We identified three subpopulations of eGFR
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trajectories in men and two in women, primarily using the Bayesian Information
Criterion suggested for this setting.® Adjustments for the season of follow-up
visit did not substantially affect the estimation of eGFR trajectories and thus

were not included in the model.

Associations between individual exposure variables and outcomes were
examined using probability-weighted multinomial logistic regression analysis.
Individuals’ probabilities of each kidney function status were obtained from the
GMM. These models were adjusted for age and educational level, as these
variables might confound the associations between casual factors of interest
and outcomes. The 95% confidence intervals of odds ratios that did not include
unity were accepted as significant. As these association models consisted of
exploratory analyses, no formal adjustments for multiple testing were

performed.

The original study sample of 350 individuals was calculated to achieve 90%
power to detect associations with an acceleration of the decrease in eGFR of
5.0 mL/min/1.73 m?/year in a linear model to which at least 20% of the
population were exposed at an alpha of 0.01. Given the change in analytical
strategy, we performed a post hoc power calculation. Using a chi-squared test
to detect differences in kidney function status (e.g., stable versus rapid decline)
associated with an exposure (to which half the population are exposed), a
greater than 80% power would detect an odds ratio of 3.8 or greater. With a
non-exposed prevalence of 4.5%, this value reflects a similar power to detect an

exposure that multiplies the risk by 3.3. This estimate is conservative, as the
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analysis was based on a probability-weighted kidney function status, an
outcome that is a more precise measure of the disease spectrum than an

absolute categorical grouping.

The coefficients for exposures from the poorly fitted multivariate model, in which
eGFR measures clustered within participants, including a random intercept and

slope, are included as Supplementary Table 7 (for information purposes).

Analyses were performed using Stata v14 (Stata Corp.), Prism v7 (GraphPad

Software) and Mplus (Muthén & Muthén) software.

2. Ethical approval and consent to participate

All participants signed a written informed consent form to participate in the
follow-up study, in accordance with the Declaration of Helsinki. The study was
approved by the Bioethical Review Board at the Medical Faculty of UNAN-Ledn
(Ref: FWAO00004523/IRB00003342) and the Research Ethics Committee of the

London School of Hygiene and Tropical Medicine (Ref: 8643/14363) in 2014.
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Supplementary table 1: Symptoms reported over the last 6 months that
were reported at baseline

Symptom Overall (%) Males Females
(n=350) (n=263) (n=87)

Heat-related/dehydration symptoms
Headache (n, %)

Yes 139 (39.7) 103 (39.2) 36 (41.4)

No 211 (60.3) 160 (60.8) 51 (58.6)
Tachycardia (n, %)

Yes 40 (11.4) 27 (10.3) 13 (14.9)

No 310 (88.6) 236 (89.7) 74 (85.61)
Muscle cramps in the arms or legs (n, %)

Yes 42 (12.0) 32 (12.2) 10 (11.5)

No 308 (88.0) 231 (87.8) 77 (88.5)
Muscle weakness (n, %)

Yes 6 (1.7) 2(0.8) 4 (4.6)

No 344 (98.3) 261 (99.2) 83 (95.4)
Fever (n, %)

Yes 36 (10.3) 32 (12.2) 4 (4.6)

No 314 (89.7) 231 (87.8) 83 (95.4)
Nausea (n, %)

Yes 25(7.1) 22 (8.4) 3(3.5)

No 325 (92.9) 241 (91.6) 84 (96.5)
Difficulty breathing (n, %)

Yes 16 (4.6) 11 (4.2) 5(5.8)

No 334 (95.4) 252 (95.8) 82 (94.2)
Dizziness (n, %)

Yes 26 (7.4) 15 (5.7) 11 (12.6)

No 324 (92.6) 248 (94.3) 76 (87.4)
Vomiting (n, %)

Yes 8 (2.3) 8 (3.0) 0 (0)

No 342 (97.7) 255 (97.0) 87 (100.0)
Fainting (n, %)

Yes 7 (2.0) 5(1.9) 2(2.3)

No 343 (98.0) 258 (98.1) 85 (97.7)
Dysuria (n, %)

Yes 94 (26.9) 72 (27.4) 22 (25.3)

No 256 (73.1) 191 (72.6) 65 (74.7)
Dry mouth (n, %)

Yes 75 (21.4) 56 (21.3) 19 (21.8)

No 275 (78.6) 207 (78.7) 68 (78.2)
Very dark urine (n, %)

Yes 21 (6.0) 12 (4.6) 9(10.3)

No 329 (94.0) 251 (95.4) 78 (89.7)
Very little urine (n, %)

Yes 30 (8.6) 16 (6.1) 14 (16.1)

No 320 (91.4) 247 (93.9) 73 (83.9)
Extremely tired (n, %)

Yes 29 (8.3) 19 (7.2) 10 (11.5)

No 321 (91.7) 244 (92.8) 77 (88.5)
Confusion (n, %)

Yes 12 (3.4) 8 (3.0) 4 (4.6)

No 338 (96.6) 255 (97.0) 83 (95.4)
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Supplementary table 2: Baseline demographic and lifestyle characteristics of
male study participants stratified by assigned eGFR trajectory group* (n=263)

Preserved and stable

Rapid decline in

Dysfunction at

Characteristic kidney function eGFR baseline
(n=213) (n=25) (n=25)

Age, years; mean (SD) 23.6 (3.8) 23.3(3.6) 254 (2.9)
Educational level; n (%)

llliteracy/primary 121 (56.8) 14 (56.0) 16 (64.0)

Secondary/higher 92 (43.2) 11 (44.0) 9 (36.0)
Body mass index; n, (%)

Normal 176 (82.6) 18 (72.0) 21 (84.0)

Overweight/obese 37 (17.4) 7 (28.0) 4 (16.0)
Systolic blood pressure mmHg; median (IQR) 118 (110 — 124) 120 (113 - 127) 126 (119 — 129)
Diastolic blood pressure mmHg; median 69 (63 - 73) 70 (66 — 76) 74 (68 —78)
(IQR)
Income; n (%)

Poor 108 (50.7) 16 (64.0) 14 (56.0)

Not poor 105 (49.3) 9 (36.0) 11 (44.0)
Family history of CKD; n (%)

Yes 103 (48.4) 11 (44.0) 12 (48.0)

No 110 (51.6) 14 (56.0) 13 (52.0)
Alcohol consumption; n (%)

Any 112 (52.6) 16 (64.0) 13 (52.0)

None 101 (47.4) 9 (36.0) 12 (48.0)
Smoking history; n (%)

Light smokers 81 (38.0) 10 (40.0) 12 (48.0)

Never smokers 132 (62.0) 15 (60.0) 13 (52.0)
NSAID use; n (%)

Daily-regularly 21 (9.9) 3(12.0) 5(20.0)

Never-occasionally 192 (90.1) 22 (88.0) 20 (80.0)
Water sources; n (%)

Piped water 115 (54.0) 12 (48.0) 12 (48.0)

Dug well/drilled well 98 (46.0) 13 (52.0) 13 (52.0)
Water hardness; n (%)

Soft/moderately hard 51 (23.9) 7 (28.0) 9 (36.0)

Hard/very hard 162 (76.1) 18 (72.0) 16 (65.0)
Total liquid intake in the last 24 hrs; n (%)

< 5.0 litres 86 (40.4) 10 (40.0) 9 (36.0)

>5.0 litres 127 (59.6) 15 (60.0) 16 (64.0)
Current occupation; n (%)

Sugarcane 38 (17.8) 3(12.0) 4 (16.0)

Agricultural work 98 (46.0) 18 (72.0) 15 (60.0)

Other occupations/EIP 77 (36.2) 4 (16.0) 6 (24.0)
Main sugarcane role (if ever worked in
sugarcane) (%)

Cane/seed cutter 103 (48.4) 15 (60.0) 19 (76.0)

Seeder 39 (18.3) 5(20.0) 3(12.0)

Other cane jobs 30 (14.1) 2(8.0) 1(4.0)

Never worked in sugarcane 41 (19.3) 3(12.0) 2(8.0)
Current or historical banana work; n (%)

Yes 27 (12.9) 5(20.0) 15 (60.0)

No 186 (87.3) 20 (80.0) 10 (40.0)
Years in sugarcane; mean (SD) 2.7+2.9 2.7+2.7 3.6+2.8
Years in agriculture; mean (SD) 4.3t+4.5 4.0£3.9 5.4+4.5
Work carried out; T n (%)

Indoors 62 (29.1) 1(4.0) 6 (24.0)

Outdoors 151 (70.9) 24 (96.0) 19 (76.0)
Work in a hot environment; T n (%)

Irregularly 71 (33.3) 13 (52.0) 8 (32.0)

Regular/frequently 142 (66.7) 12 (48.0) 17 (68.0)
Shade availability; T n (%)

Yes or inside 159 (74.7) 11 (44.0) 20 (80.0)

No 54 (25.3) 14 (56.0) 5(20.0)
Duration of breaks; T n (%)

< 10 minutes 63 (29.6) 11 (44.0) 12 (48.0)

>10 minutes 150 (70.4) 14 (56.0) 13 (52.0)
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Preserved and stable Rapid decline in Dysfunction at

Characteristic kidney function eGFR baseline
(n=213) (n=25) (n=25)

Physical effort at work; * n (%)

None/slight 94 (44.1) 9 (36.0) 11 (44.0)

Moderate/hard 119 (565.9) 16 (64.0) 14 (56.0)
Agrochemicals; 1.8 n (%)

Yes 109 (51.2) 16 (64.0) 10 (40.0)

No 104 (48.8) 9 (36.0) 15 (60.0)
Heat/dehydration symptoms; U n (%)

Yes 139 (65.3) 18 (72.0) 18 (72.0)

No 74 (34.7) 7 (28.0) 7 (28.0)
UTI diagnosis in the previous year; n (%)

Yes 42 (19.7) 5(20.0) 9 (36.0)

No 171 (80.3) 20 (80.0) 16 (64.0)
Weight loss; T n (%)

Yes 42 (19.7) 7 (28.0) 6 (24.0)

No 171 (80.3 18 (72.0) 19 (76.0)
Dysuria T

Yes 61 (28.6) 8 (32.0) 3(12.0)

No 152 (71.4) 17 (68.0) 22 (88.0)
Fever!

Yes 21(9.9) 5(20.0) 6 (24.0)

No 192 (90.1) 20 (80.0) 19 (76.0)
Baseline eGFR, mL/min/1.73 m? median 116.5 (102.6 -
(IQR) 117.9 (107.6 - 125.4) 123.8) 55.5(49.4 - 67.5)
Second eGFR, mL/min/1.73 m?% median

(IQR) 114.7 (104.5-122.3 101.4 (91.2-108.9) 51.6 (44.6 - 64.6)

( )

Third eGFR, mL/min/1.73 m?, median (IQR) 115.3 (104.0 - 123.1) 103.0 (85.7-108.9) 55.0(43.9-65.7)
Fourth eGFR, mL/min/1.73 m? median (IQR)  113.4 (105.5-121.6)  74.3 (62.7 - 84.3) 48.5 (39.0 - 56.8)

Final eGFR, mL/min/1.73 m? median (IQR) 113.7 (103.8 - 121.9) 77.1 (66.6 - 84.3) 53.2 (45.0 — 59.7)
Abbreviations: CKD: chronic kidney disease;, NSAID: non-steroidal anti-inflammatory drug; eGFR:
estimated glomerular filtration rate using the CKD EPI equation based on creatinine and cystatin c levels;
UTI: urinary tract infection. EIP: economically inactive population. Agricultural work includes all non-
sugarcane agricultural work. *Participants assigned to the group with the highest probability in the growth
mixture model. TOver the last 6 months; *over the last week; Sdata were collected at the second visit and
include glyphosate, cypermethrin, paraquat and methomyl.
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Supplementary table 3: Baseline demographic and lifestyle characteristics of female study
participants stratified by assigned eGFR trajectory group* (n=87)

I Preserved and stable eGFR  Rapid decline in eGFR
Characteristic

(n=84) (n=3)

Age, years; mean (SD) 243+ 3.6 21.7+3.0
Educational level; n (%)

llliteracy/primary 41 (48.8) 2 (66.7)

Secondary/higher 43 (51.2) 1(33.3)
Body mass index; n, (%)

Normal 46 (54.8) 1(33.3)

Overweight/obese 38 (45.2) 2 (66.7)
Systolic blood pressure mmHg; median (IQR) 109 (102 - 117) 125 (103 — 133)
Diastolic blood pressure mmHg; median (IQR) 67 (63 -72) 74 (67 - 75)
Income; n (%)

Poor 50 (59.5) 1(33.3)

Not poor 34 (40.5) 2 (66.7)
Family history of CKD; n (%)

Yes 37 (44.1) 2 (66.7)

No 47 (55.9) 1(33.3)
Alcohol consumption; n (%)

Any 7(8.3) 1(33.3)

None 77 (91.7) 2 (66.7)
Smoking history; n (%)

Light smokers 1(1.2) 0(0)

Never smokers 83 (98.8) 3(100.0)
NSAID use; n (%)

Daily-regularly 11 (13.1) 1(33.3)

Never-occasionally 73 (86.9) 2 (66.7)
Water sources; n (%)

Piped water 45 (53.6) 2 (66.7)

Dug well/drilled well 39 (46.4) 1(33.3)
Water hardness; n (%)

Soft/moderately hard 28 (33.3) 2 (66.7)

Hard/very hard 56 (66.7) 1(33.3)
Total liquid intake in the last 24 hrs; n (%)

< 5.0 litres 70 (83.3) 3(100.0)

>5.0 litres 14 (16.7) 0(0)
Current occupation; n (%)

Sugarcane 10 (11.9) 0(0)

Agricultural work 6(7.1) 1(33.3)

Other occupations/EIP 68 (81.0) 2 (66.7)
Main sugarcane role (if ever worked in sugarcane); n (%)

Cane/seed cutter 0 (0) 0(0)

Seeder 21 (25.0) 0(0)

Other cane jobs 9 (10.7) 0(0)

None 54 (64.3) 3(100.0)
Current or historical banana work; n (%)

Yes 9(10.7) 0(0)

No 75 (89.3) 3(100.0)
Years in sugarcane; mean (SD) 0.6+1.7 00
Years in agriculture; mean (SD) 1.2+3.4 0.3+0.5
Work carried out; T n (%)

Indoors 65 (77.4) 2 (66.7)

Outdoors 19 (22.6) 1(33.3)
Work in a hot environment; T n (%)

Irregularly 43 (51.2) 2 (66.7)

Regular/frequently 41 (48.8) 1(33.3)
Shade availability; T n (%)

Yes or inside 62 (73.8) 2 (66.7)

No 22 (26.2) 1(33.3)
Duration of breaks; T n (%)

< 10 minutes 14 (16.7) 1(33.3)

>10 minutes 70 (83.3) 2 (66.7)
Physical effort at work; * n (%)

None/slight 42 (50.0) 1(33.3)

Moderate/hard 42 (50.0) 2 (66.7)

128



i Preserved and stable eGFR  Rapid decline in eGFR
Characteristic

(n=84) (n=3)

Agrochemicals; 1.8 n (%)

Yes 12 (14.3) 0(0)

No 72 (85.7) 3(100.0)
Heat/dehydration symptoms; U n (%)

Yes 63 (75.0) 2 (66.7)

No 21 (25.5) 1(33.3)
UTI diagnosis in the previous year; n (%)

Yes 34 (40.5) 1(33.3)

No 50 (59.5) 2 (66.7)
Weight loss; U n (%)

Yes 8 (9.5) 0(0)

No 76 (90.5) 3(100.0)
Dysuria T

Yes 21 (25.0) 1(33.3)

No 63 (75.0) 2 (66.7)
Fever!

Yes 4 (4.8) 0(0)

No 80 (95.2) 3(100.0)
Baseline eGFR, mL/min/1.73 m?, median (IQR) 121.8 (115.8 - 127.1) 136.3 (123.3 - 136.4)
Second eGFR, mL/min/1.73 m?, median (IQR) 118.9 (109.1 — 128.2) 107.5 (91.5-136.7)
Third eGFR, mL/min/1.73 m?, median (IQR) 119.5 (113.0 — 126.6) 102.3 (93.1 - 108.2)
Fourth eGFR, mL/min/1.73 m? median (IQR) 119.4 (112.7 - 124.9) 99.9 (95.9 — 108.0)
Final eGFR, mL/min/1.73 m? median (IQR) 121.4 (112.1 — 126.6) 102.2 (102.0 — 103.1)

Abbreviations: CKD: chronic kidney disease;, NSAID: non-steroidal anti-inflammatory drug; eGFR:
estimated glomerular filtration rate using the CKD EPI equation based on creatinine and cystatin c levels;
UTI: urinary tract infection. EIP: economically inactive population. Agricultural work includes all non-
sugarcane agricultural work. *Participants assigned to the group with the highest probability in the growth
mixture model. TOver the last 6 months; *over the last week; Sdata were collected at the second visit and
include glyphosate, cypermethrin, paraquat and methomyl.
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Supplementary table 4: Occupational characteristics, heat symptoms and liquid intake at visit 2 for
males recruited at the first study visit only, stratified by assigned eGFR trajectory group* (n=213)

Preserved Rapid decline  Dysfunction

Characteristic and stable in eGFR at baseline
eGFR (n=18) (n=19)
(n=176)

Total liquid intake in the last 24 hrs;
n (%)

< 5.0 litres 18 (10.2) 2(11.1) 2(10.5)

>5.0 litres 158 (89.8) 16 (88.9) 17 (89.5)
Current occupation; n (%)

Sugarcane 89 (50.6) 10 (55.6) 5(26.3)

Agricultural work 54 (30.7) 4 (22.2) 11 (57.9)

Other occupations/EIP 33 (18.7) 4 (22.2) 3(15.8)
Predominant sugarcane role; ' n (%)

Cane/seed cutter 32 (18.1) 9 (50.0) 4(21.1)

Seeder 33(18.8) 4 (22.2) 0 (0)

Other cane jobs 39 (22.2) 0 (0) 4(21.1)

Not worked in sugarcane 72 (40.9) 5(27.8) 11 (57.9)
Months in sugarcane; T mean (SD) 29+2.7 4.2+2.5 1.2£2.2
Months in agriculture; T mean (SD) 1.6+2.3 0.411.4 3.0£2.5
Work carried out; T n (%)

Indoors 39 (22.2) 3(16.7) 5(26.3)

Outdoors 137 (77.8) 15 (83.3) 14 (73.7)
Work in a hot environment; T n (%)

Irregularly 36 (20.5) 4 (22.2) 7 (36.8)

Regular/frequently 140 (79.5) 14 (77.8) 12 (63.2)
Shade availability; T n (%)

Yes orinside 161 (91.5) 17 (94.4) 18 (94.7)

No 15 (8.5) 1(5.6) 1(5.3)
Duration of breaks; T n (%)

< 10 minutes 69 (39.2) 8 (44.4) 7 (36.8)

>10 minutes 107 (60.8) 10 (55.6) 12 (63.2)
Physical effort at work; ¥ n (%)

Slight 60 (34.1) 5(27.8) 4(21.1)

Moderate/hard 116 (65.9) 13 (72.2) 15 (78.9)
Weight loss at work; n (%)

Yes 41 (23.3) 3(16.7) 2(10.5)

No 135 (76.7) 15 (83.3) 17 (89.5)
Heat/dehydration symptoms; ' n (%)

Yes 127 (72.2) 12 (66.7) 14 (73.7)

No 49 (27.8) 6 (33.3) 5(26.3)
Dysuria

Yes 58 (32.9) 3(16.7) 3(15.8)

No 118 (67.1) 15 (83.3) 16 (84.2)
Fever'

Yes 36 (20.4) 10 (55.6) 7 (36.8)

No 140 (79.6) 8 (44.4) 12 (63.2)

Abbreviations: EIP: economically inactive population. Agricultural work includes all non-sugarcane
agricultural work. *Participants assigned to the group with the highest probability in the growth mixture
model. TOver the last 6 months; *over the last week.

130



Supplementary table 5: Age- and education level-adjusted associations* of the rapid decline
trajectory with exposures at visit 2 among in male study participants (n=213)

Characteristic Preserved and Rapid decline in eGFR
stable eGFR (n=176) (n=18)
Reference OR 95% ClI

Alcohol consumption

Any 1.00 1.04 0.38102.78

None 1.00 Reference Reference
Total liquid intake in the last 24

< 5.0 litres 1.00 1.08 0.22t05.16

>5.0 litres 1.00 Reference Reference
Current occupation

Sugarcane 1.00 0.84 0.24 to 2.96

Agricultural work 1.00 0.59 0.13t0 2.59

Other occupations/EIP 1.00 Reference Reference
Main sugarcane role’

Cane/seed cutter 1.00 3.84 1.17 to 12.58

Seeder 1.00 1.59 0.38 t0 6.52

Other cane Jobs 1.00 - --

Not worked in sugarcane 1.00 Reference Reference
Months in sugarcane’ 1.00 1.20 0.98 to 1.46
Months in agriculture® 1.00 0.71 0.49t0 1.02
Work carried out?

Outdoors 1.00 1.25 0.33t04.65

Indoors 1.00 Reference Reference
Work in a hot environmentt

Regular/frequently 1.00 0.81 0.24 10 2.70

Irregularly 1.00 Reference Reference
Shade availability®

No 1.00 0.58 0.07t0 4.75

Yes or inside 1.00 Reference Reference
Duration of breaks'

< 10 minutes 1.00 1.27 0.47 to0 3.42

>10 minutes 1.00 Reference Reference
Physical effort at work*

Moderate/hard 1.00 1.27 0.43t0 3.77

Slight 1.00 Reference Reference
Heat/dehydration symptoms?

Yes 1.00 0.81 0.28 to 2.29

No 1.00 Reference Reference
Dysuria '

Yes 1.00 0.42 0.11t0 1.52

No 1.00 Reference Reference
Fever'

Yes 1.00 5.77 2.03t0 16.33

No 1.00 Reference Reference

Abbreviations: OR: odds ratio; Agricultural work includes all non-sugarcane agricultural work. EIP:
economically inactive population. *Probability weighted according to results of growth mixture model; tover
the last 6 months; tover the last week.
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Supplementary table 6: Age- and education level-adjusted associations* of baseline kidney
dysfunction with baseline exposures in male study participants

Characteristic Preserved and stable Baseline dysfunction
eGFR
Reference OR 95% ClI

Alcohol consumption

Any 1.00 0.85 0.36 to 1.99

None 1.00 Reference Reference
NSAID use

Daily/regularly 1.00 2.00 0.651t06.10

Never/occasionally 1.00 Reference Reference
Water sources

Piped water 1.00 0.74 0.32t0 1.74

Dug well/drilled well 1.00 Reference Reference
Water hardness

Softly/moderately hard 1.00 213 0.86 to 5.29

Hard/very hard 1.00 Reference Reference
Total liquid intake in the last 24 hrs

>5.0 litres/day 1.00 1.18 0.491t02.83

< 5.0 litres/day 1.00 Reference Reference
Current occupation

Sugarcane 1.00 1.82 0.46 to 7.20

Agricultural work 1.00 2.26 0.81t06.32

Other occupations/EIP 1.00 Reference Reference
Main sugarcane role (if ever worked in
sugarcane)

Cane/seed cutter 1.00 3.16 0.69 to 14.47

Seeder 1.00 1.36 0.21t0 8.79

Other cane jobs 1.00 0.59 0.05t0 7.01

Never worked in sugarcane 1.00 Reference Reference
Current or historical banana work

Yes 1.00 9.40 3.79 t0 23.30

No 1.00 Reference Reference
Years in sugarcane 1.00 1.03 0.90 to 1.18
Years in agriculture 1.00 1.02 0.93to 1.11
Work carried out’

Outdoors 1.00 1.39 0.511t03.78

Indoors 1.00 Reference Reference
Work in a hot environment!

Regular/frequently 1.00 1.03 0.42 to 2.55

Irregularly 1.00 Reference Reference
Shade availability"

No 1.00 0.79 0.27 t0 2.23

Yes or inside 1.00 Reference Reference
Duration of breaks'

< 10 minutes 1.00 2.36 1.01t0 5.55

>10 minutes 1.00 Reference Reference
Physical effort at work*

Moderate/hard 1.00 1.00 0.43102.33

None/slight 1.00 Reference Reference
Agrochemicals™$

Yes 1.00 0.61 0.26 to 1.45

No 1.00 Reference Reference
Heat/dehydration symptoms'

Yes 1.00 1.22 0.47 to 3.12

No 1.00 Reference Reference
Dysuria'

Yes 1.00 0.33 0.09to 1.17

No 1.00 Reference Reference
Fever'

Yes 1.00 2.58 0.88 to 7.54

No 1.00 Reference Reference

Abbreviations: OR: odds ratio, NSAID: non-steroidal anti-inflammatory drug; UTI: urinary tract infection; EIP:
economically inactive population. Agricultural work includes all non-sugarcane agricultural work. *Probability weighted
according to results of growth mixture model; fover the last 6 months; fover the last week; §data were collected at the
second visit, and include glyphosate, cypermethrin, paraquat and methomyl.

132



Supplementary table 7: Age- and education level-adjusted multivariate analysis of associations of
baseline exposures with changes in eGFR over the follow-up period in the male population*

Characteristic

n

Difference in rate of change in

95% confidence

eGFRscr-scys (ML/min/1.73 interval
m?/year)

Alcohol consumption

Any 141 -0.19 -2:14t0 1-75

None 122 Reference [-1-99] Reference
NSAID use

Daily/regularly 29 -1.04 -4-13 t0 2-04

Never/occasionally 234 Reference [-1-96] Reference
Water sources

Piped water 139 -0.71 -2:65to0 1-23

Dug well/drilled well 124 Reference [-1-69] Reference
Water hardness

Softly/moderately hard 67 -0.37 -2-58 to 1-82

Hard/very hard 196 Reference [-1-95] Reference
Total liquid intake in the last 24 hrs

>5.0 litres/day 85 -0.33 -2:42t0 1-74

< 5.0 litres/day 178 Reference [-1-97] Reference
Current occupation

Sugarcane 45 -0.28 -3-23 to 2-67

Agricultural work 131 -2.51 -4-65 to -0-37

Other occupations/EIP 87 Reference [-0-67] Reference
Main sugarcane role (if ever worked in
sugarcane)

Cane/seed cutter 137 -0.25 -2:92 to 241

Seeder 47 -1.18 -4-44 to 2-07

Other cane jobs 33 0.04 -3-51 to 3-59

Never worked in sugarcane 46 Reference [-1-81] Reference
Current or historical banana work

Yes 47 0.90 -1-57 to 3-39

No 216 Reference [-2-46] Reference
Years in sugarcane -- -1.10 -2.03t0-0.17
Years in agriculture -- 0.11 -0.47 t0 0.69
Work carried out’

Outdoors 194 -3.08 -5-23 t0-0-92

Indoors 69 Reference [0-19] Reference
Work in a hot environment'

Regular/frequently 171 117 -0-84 t0 3-18

Irregularly 92 Reference [-2-82] Reference
Shade availability'

No 73 -3.70 -5:79to -1-61

Yes or inside 190 Reference [-1-01] Reference
Duration of breaks'

< 10 minutes 86 -2.16 -4-22 to0 -0-09

>10 minutes 177 Reference [-1-37] Reference
Physical effort at work*

Moderate/hard 149 -1.31 -3-25 t0 0-62

None/slight 114 Reference [-1-35] Reference
Agrochemicals™

Yes 135 -1.26 -3:20 to 0-67

No 128 Reference [-1-45] Reference
Heat/dehydration symptoms’

Yes 175 -0.69 -2:75t0 1-35

No 88 Reference [-1-62] Reference
Dysuria

Yes 72 -0.26 -2:451t0 1-92

No 191 Reference [-1-99] Reference
Fever'

Yes 32 -1.74 -4-71t0 1-22

No 231 Reference [-1-89] Reference

Abbreviations: NSAID: non-steroidal anti-inflammatory drug; UTI: urinary tract infection; EIP: economically
inactive population. Agricultural work includes all non-sugarcane agricultural work. "Coefficients estimated
from the eGFR*time interaction. The model displayed a poor fit and the data are provided for information
purposes only. TOver the last 6 months; fover the last week; Sdata were collected at the second visit, and
include glyphosate, cypermethrin, paraquat and methomyl.
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5. Supplementary Figures
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Supplementary figure 1: Distribution of eGFR trajectories in the study
population. The decrease in eGFR was calculated by the ordinary least squares
method. The sub-group of individuals with a rapid decrease in eGFR represents
a small but distinct group of values centring at -20 mL/min/1.73 m?/year
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Supplementary figure 2: Serum creatinine levels in the different eGFR trajectory
groups over time
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Chapter 5. Identification of young adults at risk of an accelerated loss of

kidney function in an area affected by Mesoamerican nephropathy

5.1 Introduction to paper IV

This manuscript was published in BioMedical Central Nephrology (BMC
Nephrology). This paper presents a case-control study nested in a cohort study
to determine if repeated routine creatinine tests combined with baseline urinary
measurements of NGAL levels and can identify the sub-group of individuals at
risk of a future rapid decline in kidney function. The study population comprised
the three sub-groups of kidney function trajectories for males (213 participants
with a preserved/normal eGFR, 25 subjects with rapid decline in kidney function

and 25 individuals with established renal dysfunction at baseline).

The outcome was the predictive score to identify individuals susceptible decline
in kidney function. Methods used to identify the eGFR trajectories and kidney
biomarkers are described in Chapter 4. Initially, the eGFR at the first visit was
included in the model (area under the curve: 0.51); addition of uNGAL levels at
visit 1 did improve the model, but the model improvement was insufficient to
discriminate early kidney damage in this population (area under the curve:
0.75). Based on this finding, other eGFR levels at six and twelve months after

baseline were included to improve the final model (area under the curve: 0.89).
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The results show that inclusion of uNGAL did not improve the models with
eGFR to identify those people at risk of decline in kidney function. However, a
question arises of whether other markers such as uric acid, heat shock protein
72 (HSP 72), and interleukin-6 can be more predictive for early kidney damage.
In summary, it is urgent to identify a novel kidney marker that could predict a

decline in kidney function.

All outputs of each predictive models were included in this paper as

supplementary materials in section 5.5.
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Abstract

Background: After two-years of follow-up of 263 apparently healthy 18- to 30-year-old men in communities
affected by Mesoamerican nephropathy (MeN), we identified three distinct case groups: a subgroup with (i)
established renal dysfunction (case-group 1); individuals with (i) a rapid decline in kidney function (case-group 2);
and individuals with (iii) stable kidney function (non-cases). This paper investigates whether local tests are
potentially useful for the timely identification of these case groups.

Methods: Creatinine levels were measured in local laboratories every six months for two years. Aliquots were sent
to a centralized laboratory for measurements of cystatin C and creatinine levels. We investigated agreement
between the locally and centrally measured creatinine-based Chronic Kidney disease Epidemiology Collaboration
(CKD-EPI) equation for estimating the Glomerular Filtration Rate (eGFR). A logistic regression analysis was used to
assess predictive factors for case groups 1 and 2 compared to non-cases. Predictive variables were locally measured
eGFR, and urinary neutrophil gelatinase-associated lipocalin (UNGAL) levels. The discrimination performance of the
model was assessed using the area under the receiver operating characteristic curve (AUC).

Results: Considerable variation in local eGFR measurements was observed. The prediction model for case-group 1
included baseline kidney function and with or without uNGAL (AUC = 0.98, 95% confidence interval (Cl), 0.91-1.00).
The prediction model for case-group 2 also required eGFRs,, at six and twelve months after baseline, with or
without UNGAL levels (AUC = 0.88; 95% CI 0.80-0.99).

Conclusions: Established renal dysfunction was detected at a single time point using local measurements and
UNGAL. For the detection of a rapid decline in kidney function over time, at least 2 more measurements at six and
twelve months are needed.

Keywords: Mesoamerican nephropathy, Chronic kidney disease of unknown aetiology, Prediction, Kidney function
status, Serum creatinine, uNGAL, ROC, Nicaragua

Background

Mesoamerican nephropathy (MeN) is a major public
health and economic problem affecting rural and agricul-
tural communities in Mesoamerica. Over the last decade,
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MeN, also known as chronic kidney disease of unknown
aetiology (CKDu), has caused the deaths of thousands of
vulnerable young male agricultural workers, particularly
sugarcane workers and other workers (agricultural and
non-agricultural) who work in extremely hot conditions
along the Pacific coast of Mesoamerica [1-5]. MeN has
devastating consequences for patients, family members,
communities and the country, with patients who are diag-
nosed with the disease progressing to end stage renal dis-
ease as young and middle-aged adults. Renal replacement
therapy options are expensive and limited in Mesoamerica,
resulting in the high mortality of patients with MeN [6, 7].

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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MeN disease has some unique characteristics, includ-
ing the absence of traditional risk factors (hypertension
and diabetes) [1, 8, 9]. A recent systematic review identi-
fied that the male gender, living in lowlands, a family his-
tory of CKD and a high water-intake are associated with
CKDu [10]. Some studies have reported elevated urinary
neutrophil gelatinase-associated lipocalin (uUNGAL) and
N-acetyl-B-D-glucosaminidase (NAG) levels in sugarcane
workers [11, 12]. Therefore, one current hypothesis is that
MeN is caused by repetitive acute kidney injury due to
multiple risk factors, such as working conditions and heat
[1, 8].

We have recently conducted a community-based co-
hort study in the affected region. We used established
biomarkers of kidney function (serum cystatin C (Scys)
and serum creatinine (Scr) levels) that were measured in
stored samples from baseline and 6-month follow-up
visits in a central laboratory at the end of the study (five
measures in total) to determine the decline in kidney
function after 2 years of follow-up. [13, 14] Although we
attempted to recruit people without established kidney dis-
ease at baseline, 25 people (10.5% of the cohort) who were
apparently healthy but in fact had established kidney dys-
function at baseline were included. An additional
sub-group of males (10.5% of the total cohort) exhibited an
extremely rapid decline in kidney function of 18.2 mL/min/
1.73 m*/year from normal levels [14]. The observed dra-
matic loss of renal function among a sizeable sub-group of
an apparently healthy young population is a concern.

The local industries in Nicaragua have established baseline
screening programmes for kidney dysfunction using a single
local creatinine test [15]. Despite the use of this local screen-
ing programme, a sub-group of people with established kid-
ney disease was recruited in our study; therefore, a question
arises of whether other information is needed in addition to
a single serum creatinine measurement to detect MeN. In
addition, the identification of the subgroup that will experi-
ence a rapid decline in kidney function will be beneficial to
provide advice (e.g., avoidance of known nephrotoxins, such
as non-steroidal anti-inflammatory drugs) and potentially to
implement interventions (e.g, improve work conditions,
clean water etc,, if these interventions are proven to be ef-
fective) to prevent or delay future kidney function loss. Serial
measurements of serum creatinine levels over more than 2
years are not the usual practice in Nicaragua. Therefore, the
purpose of this analysis is to determine if repeated local cre-
atinine tests combined with urinary measurements of
uNGAL levels can identify the subgroup of individuals at
risk of a future rapid decline in kidney function.

Methods

Study population

These analyses are based on our existing community-based
follow-up study of a decline in kidney function among
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affected communities in Nicaragua. The rationale and study
design have been published elsewhere [13]. Briefly, we re-
cruited 350 apparently healthy young adults aged 18-30
years without a known diagnosis of CKDu and traditional
risk factors, and followed them for two years. All eligible
healthy males and a sample of females from 9 communities
in northwest Nicaragua were enrolled in our study. Bio-
logical samples, anthropometric measurements and ques-
tionnaire data were collected at baseline and then at
six-month intervals. The outcome was the kidney function
status, and we classified the participants into three categor-
ies: (i) established renal dysfunction; (i) a rapid decline in
kidney function; and (jii) stable kidney function [14].

Clinical measurements

Gold standard

All samples were analysed in a single batch to reduce
time-dependent measurement errors in the assays after
two years of follow-up. At the end of the follow-up
period, stored (-80°C) serum aliquots from all study
visits were transferred to the Clinical Trial Service Unit
at Oxford University. Scr levels were quantified using a
Beckman AU680 Chemistry Analyser (Jaffe compensated
method) and calibrated against the IDMS-traceable cre-
atinine standard. Scys levels were measured using Sie-
mens BN ProSpec (nephelometry) [14]. The CKD-EPI
equation for serum creatinine and cystatin c levels was
used to estimate the estimated glomerular filtration rate,
or eGFR (eGFRsc.seys) [16].

Routine local measurements

Serum creatinine (Scr) levels were also measured locally
(in the Biochemistry Department at the National Autono-
mous University of Nicaragua-Leon) using a ChemWell”
2910 (Awareness Technology, EEUU) auto analyser (Jaffe
compensated method) [17, 18]. Local Scr values were
multiplied by 0.95, as they were not calibrated to an
IDMS-traceable creatinine standard [19]. Kidney function
was calculated using the estimated glomerular filtration
rate according to the CKD-EPI formula by determining
Scr levels [16] at each study visit.

Urine markers

Creatinine and albumin levels in baseline urine samples,
which were previously frozen and stored at — 80 °C for
2.5 years, were measured using the Jaffe and bromocre-
sol green reactions (Sigma-Aldrich, MAK124), respect-
ively. Samples were read at a specific wavelength using
the Biochrom EZ Read 400 Microplate Reader. Urinary
neutrophil gelatinase-associated lipocalin  (uUNGAL)
levels were measured in a subsample. Samples from
fifty-five randomly selected participants with stable kid-
ney function and samples from all participants in the
other two subgroups (rapid decline in kidney function
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and patients with established renal dysfunction; both of
which are defined below) were analysed. uNGAL levels
were measured using enzyme-linked immunoassay
(ELH-Lipocalin2, RayBiotech), according to the manu-
facturer’s instructions. Albumin and uNGAL levels are
reported as ratios to urinary creatinine levels measured
using the Jaffe method (Sigma-Aldrich, C4255) [14].

Definitions of outcome categories

A growth mixture model (GMM) was used to identify
three sub-groups of kidney function in males using the
gold standard eGFR after 2 years, as previously described
[14]. A group with established renal dysfunction at base-
line (mean eGFRg,.gcys: 58 mL/min/1.73 m?) was investi-
gated, which for the purpose of this paper, is defined as
case-group 1. Then, a group with normal baseline kidney
function (mean eGFR: 112 mL/min/1.73 m?) showed a
rapid decline in eGFRg.geys Of —18.2 mL/min/1.73 mz/year
and were designated case-group 2, ie., rapid decliners. The
remaining study participants were ‘non-cases’ with stable kid-
ney function, ie, men with persistently stable kidney func-
tion (mean baseline eGFR: 116 mL/min/1.73m? and an
annual decline in eGFRg.seys of only — 0.6 mL/min/1.73 m%/
year over two years. The analyses compared each of the two
case groups with the non-cases. Given the small number of
affected females exhibiting a rapid decline in kidney function
(3 cases), formal analyses were restricted to males.

Variables

Each participant completed a baseline questionnaire by
face-to-face interview that included demographic data,
current and previous occupations, lifestyle factors, medi-
cations, liquid intake, and dehydration symptoms [13, 14].
The season was defined as summer and winter. Work per-
formed was classified as outdoor and indoor work. For
this analysis, we used the eGFR and uNGAL levels, but in
a sensitivity analysis the baseline questionnaire data (age,
season, work performed, urinary albumin-creatinine ratio
(UACR)) were included as part of the full model. UACR
was categorized as a ratio > 30 mg/g or < 30 mg/g [20].

Statistical analysis

Descriptive analyses of continuous variables (age, serum
creatinine, eGFRg., €GFRgcr.scysy and UNGAL) stratified
by case/non-case status were conducted, and are reported
as the means (SD) or medians and interquartile ranges
(IQRs). Categorical variables (season, work performed and
UACR) are reported as frequencies and percentages.

For the identification of cases of MeN in the local setting,
local measurements are required; therefore, the current ana-
lysis is based on the routine creatinine measurements per-
formed after each visit. The agreement between the estimated
GER based on the Scr Jaffe assay conducted at the laboratory
in Nicaragua and the eGFRs,, from Oxford (gold-standard
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measure) was evaluated at three time points (baseline, 6 and
12 months) using a Bland-Altman plot.

For case-group 1, we first assessed whether the routine
eGFR data derived from local creatinine measurements
identified people with established kidney damage. Logistic
regression models were also performed to compare
case-group 1 with non-cases. Model 1 included eGFRg,, at
baseline; Model 2 included the Model 1 covariate plus
uNGAL levels. Along with variables included in Models 1
and 2, subsequent models for non-cases and case-group 2
also included the 6- and/or 12-month eGFR with or with-
out uNGAL levels.

For all models, receiver operating characteristic (ROC)
curves were generated to calculate the area under the
ROC curve (AUC). An AUC greater than 0.80 was consid-
ered a suitable discrimination performance for the model.

In order to check that the results are not confounded,
we repeated the analysis using only the continuous
eGFR, and uNGAL measurements with further adjust-
ments for other variables such us age, season, work per-
formed, and urinary albumin-creatinine ratio
(UACR) (Table 1).

All statistical analyses were performed using Stata soft-
ware, version 14 (Stata Corp.).

Results

Agreement between clinical measurements - Routine
€GFRsr-Nicaragua COMpared to the gold-standard eGFRs-oxford
In daily clinical practice, eGFRs,, measurements are used,
and we compared these values to gold-standard eGFR-
ser-Oxford- The mean difference in baseline kidney function
based on serum creatinine levels measured in Nicaragua
compared to serum creatinine levels measured in Oxford
was - 1047 mL/min/1.73 m? (95% CI -11.90 to —9.03),
suggesting that Nicaraguan kidney function was overesti-
mated by local measurements. The limits of agreement
ranged from — 37.24 to 16.30 mL/min/1.73 m* with a vari-
ability of 3.7%, suggesting that local measurements varied.
No evidence of the measurement error in eGFRg., was
observed, with a poor correlation between the difference
and the sums (r=-0.06; P=0213) (Additional file 1:
Figure S1A). The mean difference in € GFRg..Nicaragua after
6 months was - 8.39 mL/min/1.73 m* (95% CI -9.91 to —
6.88), with a range of 22.07 to 152.35 mL/min/1.73 m>.
The limits of agreement were - 35.09 to 18.30 mL/min/
1.73m? and the variability was 5.4% (Additional file 1:
Figure S1B). Finally, the mean difference in eGFRg.y.Njcaragua
at the third study visit was + 3.44 mL/min/1.73 m? (95% CI
1.76 to 5.11), with a range of 15.54 to 146.33 mL/min/
1.73m> The limits of agreement were —26.90 to 33.17
mL/min/1.73m* and the variability was 7.2%. A weak
correlation between the difference and the sums was
observed for both lab results (r=-0.11; P=0.042)
(Additional file 1: Figure S1C).
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Table 1 Variables outlined in each of the models stratified by case-groups
Variables Case-group 1 Case-group 2

Model 1 Model 2 Model 3 Model 4  Model 5 Model 6  Model 7 Model 8  Model 9 Model 10
Age X X X X X X X X X X
Season X X X X X X X X X X
Occupation (outdoor work) X X X X X X X X X X
UACR X X X X X X X X X X
UNGAL X X X X X
eGFRs,, at baseline X X X X X X X X X X
eGFRs,, at 6 months X X X X
eGFRs, at 12 months X X X X

General characteristics stratified by kidney function
trajectories

The mean age at baseline for the entire men population
was 23.7 £ 3.8 years. The majority of males (74%) re-
ported that they worked outdoors. Table 2 shows the
routine local clinical kidney measurements at baseline
stratified according to the observed renal outcome
groups after 2 years of follow-up. At baseline, no differ-
ences were observed between controls and case-group 2.
However, a subgroup of males had a high serum creatin-
ine level and low eGFRg,, at baseline, and were unaware
of this condition at recruitment into the study (case--
group 1). Case-group 1 displayed a high urinary uNGAL
level at baseline. However, the percentages of males dis-
playing a UACR 230 mg/g were 4.7% among participants
with stable kidney function and 16% among participants
with established renal dysfunction (case-group 1).

Model for predicting established renal dysfunction

The prediction score comparing stable kidney function
(non-cases) and established renal dysfunction (case-group
1) without uNGAL levels by using a single eGFRg,, meas-
urement was excellent (P<0.001), showing an AUC of
097 (95% CI 0.93-1.00) (Additional file 1: Table SI;
Model 1). The AUC for Model 2, where a single eGFRs,,
measurement and uNGAL levels did not improve the

prediction compared with established predictors, was 0.98
(95% CI 0.95-1.00). The c statistic was the same for both
models. (Fig. 1 and Additional file 1: Table S1).

Model for predicting a rapid decline in kidney function
The AUC just for the estimated glomerular filtration rate
at baseline showed a poor discrimination to identify
populations at risk of a rapid decline in kidney function
(case-group 2). As shown in Fig. 2a, the discrimination
power of the model at baseline was poor, with an AUC
of 0.51 (95% CI 0.34-0.69), and when uNGAL was
added to the logistic regression model, the AUC was
0.75 (95% CI 0.57-0.92). The c statistic for Model 4 with
uNGAL levels was 0.24 higher, indicating a significant
improvement compared with Model 3 that did not in-
clude uNGAL levels.

Figure 2b shows the results of the model without
uNGAL levels, but with an additional measurement of
eGFRg,, at 6 months (Model 5). The discrimination power
of the model was somewhat improved (compared to
Model 3), with an AUC of 0.71 (95% CI 0.56-0.85). For
the same variables with the addition of uNGAL levels
(Model 6), the AUC was 0.73 (95% CI 0.58-0.88). The c
statistic for model 6 (with uUNGAL levels) was 0.02.

Figure 2c shows the results of the models including an
eGFRg,, recorded 12 months after the baseline measure

Table 2 Baseline characteristics of apparently healthy young men in northwest Nicaragua stratified by trajectories of a future decline
in kidney function using gold standard measurements (CKDEPI Creat/Cyst eGFR) (n = 263)

Trajectories of the decline in N Age at baseline Serum creatinine  eGFRs, at €GFRscr.seys at - Urinary NGAL UACR 230 Outdoor

kidney function (Mean; SD) level at baselinet baselinet baselinet level at baseline¢ mg/dL at work at
(Median; IQR) (Median; IQR)  (Median; IQR)  (Median; IQR) baselined (n; %) baseline (n; %)

Stable kidney function 213 236 +389 0.76 (0.57-0.76) 131 (124-140) 118 (108-125) 5.04 (4.7-54) 10 (47) 151 (70.9)

(06 mL/min/1.73 m*/year)

Rapid decline in kidney 25 233 +365 066 (047-0.76) 132 (123-152) 117 (103-124) 5.20 (5.0-5.5) 0(0) 24 (96.0)

function (- 182 mL/min/1.73

m?/year)

Renal dysfunction 25 254+297 123 (1.14-152) 80 (62-91) 56 (49-68) 5.7 (5.5-5.7) 4(16.0) 19 (76.0)

(- 38ml/min/1.73 m*/year)

Total 263 237 £382 076 (066-0.85) 129 (121-139) 116 (102-125) 5.20 (4.9-5.7) 14 (5.3) 194 (73.8)

#Routine local test measurement. tGold-standard outcome measured in Oxford 2 years later. 0Urinary biomarkers of kidney injury
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.

(excluding the 6-month measurement; Model 7), with an
AUC of 080 (95% CI 0.70-0.91). The addition of
uNGAL levels (Model 8) to this model yielded an AUC
of 0.81 (95% CI 0.72-0.91). The c statistic was almost in-
distinguishable between model 7 and model 8, suggest-
ing that uUNGAL levels do not additional predictive value
to model 7.

The best prediction of a future rapid decline in kidney
function (Fig. 2d) was achieved using 3 eGFRs. mea-
surements: baseline, 6 months and 12 months (Model 9).
This model yielded an AUC of 0.88 (95% CI 0.79-0.98)
and an AUC of 0.89 (95% CI 0.80-0.99) when urinary
uNGAL levels were incorporated into the model (Model
10). Again, the c statistics were similar between Models
9 and 10 (Fig. 2 and Additional file 1: Table S2).

Results of the sensitivity analysis using eGFR, uNGAL
measurements plus baseline questionnaire data (age, season,
work performed, and UACR) were not appreciably changed
when compared to the main analysis (Additional file 1:
Figures S2 and S3 and Additional file 1: Table S3 and S4).

Discussion

Using a gold-standard measurement of decline in kidney
function, we classified the participants into three categor-
ies: (i) established renal dysfunction (case-group 1); (i) a
rapid decline in kidney function (case-group 2); and (iii)
stable kidney function (non-cases). We then compared
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each of the two case-groups with the non-cases. While it
was straightforward to identify individuals with already
established renal dysfunction at baseline using routine la-
boratory data together with uNGAL (AUC: 0.98; 95% CI:
0.95 to 1.00), a follow-up for at least one year with 6
monthly measurements was required to identify most
people who will suffer from a future rapid decline in kid-
ney function from normal participants (AUC: 0.89; 95%
CI: 0.80 to 0.99 and a false positive rate of 0.5). We did
not observe a difference in the ROC values in the final
model with and without uNGAL levels and note that the
confidence intervals nearly overlapped.

Good quality laboratory results are very important for an
accurate diagnosis and clinical decision making [21-24].
The laboratory in Nicaragua is not accredited to ISO stan-
dards; however, as happens in routine clinical care, the ma-
chines are regularly recalibrated. Routine clinical care
procedure do not standardly bank blood samples for several
years to then retrospectively assess decline in kidney func-
tion. We showed that routine clinical care measurements
displayed considerable time-dependent variability. The vari-
ability in the local Scr measurements increased the impreci-
sion between the eGFRg;-Njcaragua and the gold-standard
(eGFRger-Oxfora) Of 3.7% at baseline and 7.2% at the third
study visit. However, for the eGFR determinations per-
formed following the baseline visit, measurement error ap-
peared to have decreased as the laboratory obtaining a
better machine recalibration, maintenance and the imple-
mentation of external quality control standards. Based on
these findings, health care providers and researchers must
be aware of the challenges of using local serum creatinine
measurements.

To date, many prediction models have been developed
and validated for determining the progression of kidney
disease to ESRD [25, 26]. Roy et al. developed a prediction
model and showed how a novel biomarker (uUNGAL) im-
proves prediction of CKD progression in the CRIC study
[27]. Their model included demographic data plus
uNGAL levels, and the model without uNGAL levels
showed a poor discrimination power (AUC =0.69),
whereas the model with uUNGAL levels exhibited good dis-
crimination (AUC = 0.82). Our model with uNGAL levels
used to distinguish participants with renal dysfunction
(case-group 1) did not add predictive value beyond the
established predictors (AUC=0.98) compared to the
model without uNGAL levels (AUC = 0.97).

When predicting a future rapid decline in kidney function
(case-group 2), the addition of uNGAL levels to the model
that included a single eGFRs,, measurement increased the
AUC from 0.51 to 0.75 (Model 3 vs Model 4). However, in
the models including three eGFR measurements (Model 9
vs Model 10) the two curves were almost indistinguishable
(e.g., AUCs with and without uNGAL levels were 0.88 and
0.89 respectively for models 9 and 10). Thus, no discernible
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improvement in prediction was observed when uNGAL
levels were added to a model containing more than one
creatinine measurement recorded over time.

The key implication from our study for future cohort
and/or intervention studies of CKDu is that the minimal
follow-up period is one year, and 6 monthly measurements
are required to distinguish the progressive loss of eGFR
from stable kidney function. Any study with a shorter
follow-up period less likely to detect significant progression
among participants with normal function at baseline.

Our study has methodological strengths. First, this study
is derived from a community-based longitudinal study of
apparently healthy young adults in high-risk areas for
CKDu. Second, the variables that were used to calculate
the prediction score are easy to obtain at any health level
(i.e., primary, secondary and tertiary health levels) and can
be applied by doctors or any health professional.

Our study has some limitations that should be noted.
External validation was not performed because this
community-based cohort study is the first in the region,
and no other comparable cohorts are available. Second,
we were unable to assess the effect of the season in
which eGFR measures are performed because almost all
participants were recruited before the harvest season
[14].

Conclusions

In conclusion, established renal dysfunction was detected
at a single time point using local measurements of eGFR
and uNGAL. However, the detection of a rapid decline in
kidney function over time requires at least 2 measure-
ments, ideally at least twelve months apart. In addition,
local routine clinical measurements of creatinine levels
are affected by time-dependent measurement error.
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Additional file 1: Figure S1. Bland-Altman plot of eGFR based on
serum creatinine levels measured in Nicaragua and serum creatinine
levels measured in London. Figure S2. ROC curves for the model predict-
ing stable kidney function versus established renal dysfunction. The 95%
confidence intervals for the ROC curves (0.5) are displayed. Figure S3.
ROC curves for the model predicting stable kidney function versus a rapid
decline in kidney function. The 95% confidence intervals for ROC curves
(0.5) are displayed. Table S1. Multivariate adjusted logistic regression ana-
lysis for eGFR and UNGAL with established renal dysfunction at baseline
among apparently healthy young males. Table S2. Multivariate adjusted
logistic regression analysis for eGFR and uNGAL with a rapid decline in
kidney function at baseline among apparently healthy young males.
Table S3. Multivariate adjusted logistic regression analysis of factors asso-
ciated with established renal dysfunction at baseline among apparently
healthy young males. Table S4. Multivariate adjusted logistic regression
analysis for factors associated with a rapid decline in kidney function at

baseline among apparently healthy young males. (PDF 600 kb)
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5.5 Supplementary materials

Supplementary figure 1: Bland-Altman plot of eGFR based on serum
creatinine levels measured in Nicaragua and serum creatinine levels
measured in London
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Supplementary table 1: Multivariate adjusted logistic regression analysis
for eGFR and uNGAL associated with established renal dysfunction at
baseline among apparently healthy young males

Factors Model 1 (n=80) Model 2 (n=80)
Without uNGAL levels With uNGAL levels
Coefficient SE 95% CI P-value Coefficient SE 95% CI P-value
eGFRsc at -0.14 0.03 -0.22 to -0.07 <0.001 -0.15 0.04 -0.24 t0 -0.06 <0.001
baseline
Urinary -- -- -- -- 3.16 1.44 0.34 t0 5.99 0.028
NGAL

Abbreviations: SE: standard error, uNGAL: urinary neutrophil gelatinase-associated lipocalin, e GFRs.:: estimated
glomerular filtration rate based on locally measured creatinine levels.
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Supplementary table 2: Multivariate adjusted logistic regression analysis of eGFR and uNGAL associated with a rapid

decline in kidney function at baseline among apparently healthy young males

Factors Figure 2A Figure 2B
Model 3 without uUNGAL levels (n=79) Model 4 with uNGAL levels (n=79) Model 5 without uUNGAL levels (n=68)
Coefficient SE 95% CI P- Coefficient  SE 95% ClI P- Coefficient  SE 95% CI P-
value value value

eGFRs« at 0.003 0.01 -0.02t0 0.03 0.808 0.004 0.01 -0.02 t0 0.03 0.798 -0.01 0.01 -0.04t00.02 0.507
baseline
Urinary NGAL - - - - 0.81 0.45 -0.06 t0 1.70 0.070 - - - -
eGFRs. at
second Study - - - - - - - - -0.06 0.02 -0.10 to -0.01 0.015
visit
eGFRgr at third R R - R R R - - - - - -
study visit

Abbreviations: SE: standard error, uNGAL: urinary neutrophil gelatinase-associated lipocalin, eGFRscr: estimated glomerular filtration rate based on locally measured creatinine levels.
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Continued: Supplementary table 2: Multivariate adjusted logistic regression analysis for eGFR and uNGAL associated
with a rapid decline in kidney function at baseline among apparently healthy young males

Factors Figure 2B Figure 2C
Model 6 with uNGAL levels (n=68) Model 7 without uNGAL levels (n=73) Model 8 with uNGAL levels (n=73)
Coefficient SE 95% Cl P- Coefficient SE 95% Cl P- Coefficient ~ SE 95% Cl P-
value value value

eGFRs, at -0.01 0.01 -0.04t0 0.02  0.501 0.01 0.01 -0.01t00.05 0.328 0.01 0.01 -0.01t0 0.05 0.330
baseline
Urinary NGAL 0.54 0.95 -0.57t01.65 0.310 - - - - 0.56 0.56 -0.54to 1.67 0.319
eGFRs. at -0.05 0.02 -0.10t0-0.006 0.025 - - - - - - - -
second study
visit
eGFRs at third - - - - -0.06 0.01 -0.09t0-0.02 <0.001 -0.05 0.01 -0.09t0-0.02 0.001
study visit

Abbreviations: SE: standard error, uNGAL: urinary neutrophil gelatinase-associated lipocalin, eGFRscr: estimated glomerular filtration rate based on locally measured creatinine levels.
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Continued: Supplementary table 2: Multivariate adjusted logistic
regression analysis for eGFR and uNGAL associated with a rapid decline
in kidney function at baseline among apparently healthy young males

Factors Figure 2D
Model 9 without uNGAL levels (n=67) Model 10 with uNGAL levels (n=67)
Coefficient SE 95% ClI P- Coefficient SE 95% ClI P-

value value

eGFRscr at -0.004 0.01 -0.04t00.03 0.812 -0.004 0.01 -0.04 to 0.03 0.798

baseline

eGFRscr at second -0.02 0.02 -0.07t00.02 0.404 -0.01 0.02 -0.06t0 0.03 0.485

study visit

eGFRser at third -0.06 0.02 -0.10t0-0.02 0.002 -0.06 0.02 -0.10to-0.02 0.002

study visit

Urinary NGAL - - - - 0.44 0.66 -0.86t01.74 0.508

Abbreviations: SE: standard error, uNGAL: urinary neutrophil gelatinase-associated lipocalin, eGFRsc: estimated
glomerular filtration rate based on locally measured creatinine levels.
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Supplementary table 3: Multivariate adjusted logistic regression analysis
of factors associated with established renal dysfunction at baseline
among apparently healthy young males

Factors Model 1 (n=74) Model 2 (n=74)
Without uNGAL levels With uNGAL levels
Coefficient SE 95% ClI P- Coefficient SE 95% ClI P-
value value
Age 0.14 0.22 -0.29 to 0.57 0.525 0.12 0.22 -0.30 to 0.56 0.563
Season
Summer 0.0 - -- -- 0 - -- --
Winter 1.00
Outdoor work
Yes 7.14 414 -0.97to15.26  0.084 7.57 542 -3.05t018.20 0.162
No 1.00 1.00
Urinary ACR
230 mg/g 0 -- -- -- 0 -- -- --
<30 mg/g 1.00 1.00
Urinary NGAL - - - - 3.31 1.87 0.35t0 6.99 0.077
eGFRscr at -0.26 0.10  -0.47 to -0.05 0.014 -0.27 0.13 -0.54t0-0.005 0.045
baseline

Abbreviations: SE: standard error, uNGAL: urinary neutrophil gelatinase-associated lipocalin, UACR: urinary albumin
creatinine ratio, e GFRscr: estimated glomerular filtration rate based on locally measured creatinine levels.
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Supplementary table 4: Multivariate adjusted logistic regression analysis of factors associated with a rapid decline in

kidney function at baseline among apparently healthy young males

Factors Figure 2A Figure 2B
Model 3 without uNGAL levels (n=78) Model 4 with uNGAL levels (n=78) Model 5 without uNGAL levels (n=67)
Coefficient SE 95% Cl P- Coefficient  SE 95% Cl P- Coefficient  SE 95% Cl P-
value value value
Age -0.06 0.06 -0.19t00.06 0.354 -0.06 0.06 -0.20 t0 0.06 0.327 -0.11 0.09 -0.29t00.05 0.187
Season
Summer 0 -- -- -- 0 -- -- -- 0 -- -- --
Winter 1.00 1.00 1.00
Outdoor work
Yes 1.59 1.08 -054t03.72 0.144 1.77 1.10 -0.39 to 3.94 0.110 1.42 112 -0.78t0 3.63 0.206
No 1.00 1.00 00
Urinary ACR
=30 mg/g 0 -- -- -- 0 -- -- -- 0 -- -- --
<30 mg/g 1.00 1.00 1.00
Urinary NGAL - - - - 0.97 0.49 -0.0008t01.94 0.050 - - - -
eGFRs« at -0.004 0.01 -0.03t00.02 0.789 -0.004 0.01 -0.03 to0 0.02 0.794 -0.02 0.02 -0.06t00.01 0.237
baseline
eGFRs. at
second study - - - - - - - - -0.06 0.02 -0.111t0-0.01 0.018
visit
eGFRs. at third - - - - - - - - - - - -
study visit

Abbreviations: SE: standard error, UACR: urinary albumin creatinine ratio, uNGAL: urinary neutrophil gelatinase-associated lipocalin, eGFRsc:: estimated glomerular filtration rate based on locally

measured creatinine levels.
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Continued: Supplementary table 4: Multivariate adjusted logistic regression analysis of factors associated with a rapid
decline in kidney function at baseline among apparently healthy young males

Factors Figure 2B Figure 2C
Model 6 with uNGAL levels (n=67) Model 7 without uNGAL levels (n=72) Model 8 with uNGAL levels (n=72)
Coefficient SE 95% Cl P- Coefficient SE 95% Cl P- Coefficient ~ SE 95% Cl P-
value value value
Age -0.11 0.08 -0.29t00.06 0.202 -0.18 0.10 -0.38t0 0.01 0.068 -0.18 0.09 -0.37t00.01 0.066
Season
Summer 0 - - -- 0 - - -- 0 -- -- -
Winter 1.00 1.00 1.00
Outdoor work
Yes 1.48 113 -0.73to 3.71 0.190 3.12 201 -0.81to7.07 0.120 3.35 214 -0.84to7.55 0.117
No 1.00 1.00 1.00
Urinary ACR
230 mg/g 0 - - -- 0 - - -- 0 -- -- -
<30 mg/g 1.00 1.00 1.00
Urinary NGAL 0.63 062 -058t01.84 0.310 - - - - 0.76 0.63 -0.481t02.01 0.229
eGFRs, at -0.02 0.02 -0.061t0 0.01 0.243 -0.0001 0.01 -0.03t00.03 0.996 0.0006 0.01 -0.03 to 0.03 0.972
baseline
eGFRsc at -0.05 0.02 -0.10t0-0.004 0.034 - - - - - - - -
second study visit
eGFRs at third - - - - -0.07 0.02 -0.11t0-0.03 <0.001 -0.07 0.02 -0.11t0-0.03 <0.001
study visit

Abbreviations: SE: standard error, uNGAL: urinary neutrophil gelatinase-associated lipocalin, ACR: urinary albumin creatinine ratio, eGFRsc:: estimated glomerular filtration rate based on locally
measured creatinine levels.
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Continued: Supplementary table 4: Multivariate adjusted
regression analysis of factors associated with a rapid decline in kidney
function at baseline among apparently healthy young males

logistic

Factors Figure 2D
Model 9 without uUNGAL levels (n=66) Model 10 with uNGAL levels (n=66)
Coefficient SE 95% ClI P- Coefficient SE 95% ClI P-
value value
Age -0.25 0.12 -0.50t00.002 0.05 -0.23 0.12  -0.491t0 0.01 0.065
el
Season
Summer 0 - -- -- 0 - -- --
Winter 1.00 1.00
Outdoor work
Yes 3.40 224  -1.00to 7.81 0.13 3.47 229 -1.02t07.97 0.130
No 1.00 1.00
Urinary ACR
230 mg/g 0 - - -- 0 - -- --
<30 mg/g 1.00 1.00
Urinary - - - - 0.42 0.73 -1.01t0 1.86 0.561
NGAL
eGFRscr at -0.02 0.02  -0.07 to 0.01 0.23 -0.02 0.02  -0.06 to 0.01 0.254
baseline 9
eGFRscr at -0.03 0.02 -0.08to 0.02 0.26 -0.02 0.02 -0.08t00.03 0.360
second study 9
visit
eGFRscr at -0.08 0.02 -0.12t0-0.03 0.00 -0.07 0.02 -0.12t0-0.03  0.001
third study 1
visit

Abbreviations: SE: standard error, uNGAL: urinary neutrophil gelatinase-associated lipocalin, UACR: urinary albumin
creatinine ratio, e GFRscr: estimated glomerular filtration rate based on locally measured creatinine levels.
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Supplementary figure 2: ROC curves for the model predicting stable
kidney function versus established renal dysfunction. The 95%
confidence intervals for the ROC curves (0.5) are displayed.

OR-
O
s
9
©
O v
=
‘»
(@]
o
o
2 0
= &
AUC=0.95
AUC=0.96
o -
I I I I I
0 .25 5 .75 1
False-positive rate
@®  Prediction without uNGAL @  Prediction with uNGAL
— Prediction Fit —— Prediction Fit

Model number: 1 and 2

158



Supplementary figure 3: ROC curves for the model predicting stable
kidney function versus a rapid decline in kidney function. The 95%
confidence intervals for ROC curves (0.5) are displayed.
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Chapter 6: Overall discussion

The core of the thesis has been the first community-based cohort study among
apparently healthy young people in Nicaragua. In addition, | learned to use a
number of other epidemiological approaches to advance our understanding of
CKDu, including a systematic review and a community-based prospective

cohort study, as well as a nested case-control study.

The specific objectives of the thesis (1.4.3) were: (1) to review the current
knowledge and gaps in our understanding of the potential causes of CKDu in
the Pacific coast of Central America; (2) to understand which risk factors are
associated with decline of eGFR among a healthy young population at risk of
developing CKDu; and (3) to determine if repeated routine creatinine tests
combined with baseline information (age, season, and work performed) and
measurements of urinary neutrophil gelatinase-associated lipocalin (UNGAL)
levels and the urinary albumin-creatinine ratio (UACR) can identify the subgroup
of individuals at risk of a future rapid decline in kidney function. Addressing
objective 3 will enable researchers to identify a clinical case definition that can

be used in further epidemiological studies.

The main findings will be summarized and discussed in terms of the overall
strengths and limitations of the approaches used (Sections 6.1 and 6.2). The
clinical and public health implications of the research (individual/family, medical,
government/healthcare system and industry implications) will be described in

section 6.3. The academic research implication and future research questions
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will be presented in sections 6.4 and 6.5. Finally, an overview of my personal

learning and conclusions are discussed in sections 6.6 and 6.7.

6.1 Summary and synthesis of the research findings

6.1.1 What was already known about this topic

In the last two decades, chronic kidney disease of unknown origin (CKDu) has
emerged as major public health problem in Mesoamerica. Excess mortality due
to CKDu among young agricultural workers has been reported in many
countries across the region.['? 13, 16, 33, 104-106] Thjs disease has some unique
characteristics, including its lack of association with well-established causes of
kidney disease in developed countries, such as diabetes, hypertension and
glomerulonephritis. Furthermore, according to epidemiological studies, CKDu is
mostly prevalent (but not restricted to) in young male agricultural workers who
are often in their 30s and are geographically distributed along the Pacific coast
in Mesoamerica. Positive correlations have been identified with certain factors,
such as the male sex, low altitude, agricultural work, and high water intake.['? 14
101,106, 108, 1091 The clinical manifestations include minimal proteinuria,
normotensive, anaemia, electrolyte  disorders  (hyponatremia  and
hypokalaemia), hyperuricaemia, and small echogenic kidneys.?? 23 271 The
clinicopathological picture involves tubulointerstitial damage and glomerular

enlargement.[28 29, 49, 119]

The specific causes and aetiological pathways remain to be identified. The
hypothesized causes of CKDu include cyclical dehydration episodes linked to
extreme working conditions (heat stress and physical exertion) plus an

inadequate hydration pattern/solution that possibly occurs concomitantly with
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other factors, such as self-medication (nonsteroidal anti-inflammatory drugs),
infectious diseases (leptospirosis, hanta and dengue), environmental toxins
(pesticides, heavy metals, and mycotoxin) and genetic susceptibility, since
entire families are affected in some communities.['2 13. 76, 101, 120, 121] However,
substantial knowledge gaps and an absence of empirical evidence regarding

the natural history of the disease over time and the cause(s) of CKDu remain.

6.1.2 What the study adds

Upon reviewing the literature, | concluded that the current knowledge is still
limited, because studies have not identified the natural history and cause(s) of
the disease. My systematic review showed that cross-sectional studies and
occupational longitudinal studies have been affected by methodological
problems, which include misclassification, reverse causation, a substantial of
loss follow-up that affected the study power, and short follow-up periods (6
months). These limitations may account for the inconclusive findings reported to

date.['?2

| was involved in establishing the first community-based cohort study dedicated
to studying this issue. We attempted to recruit healthy young adults without
CKD at baseline. We excluded 5% of men in the target age group who reported
a diagnosis of kidney disease at baseline; this prevalence is approximately one
hundred times higher than the CKD prevalence for this age group in the UK.['23]
In total, 350 participants were followed for two years. The descriptive analysis of
eGFR slopes over time is shown below (Figure 1). A normal distribution of
slopes with a mean of approximately O is observed, but at the lower tail, a

second cluster, or “bump”, in a subgroup with rapidly declining kidney function
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at -20 mL/min/1.73 m?/year is observed. This second cluster almost certainly

reflects individuals experiencing the early stages of MeN.
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Figure 1: Distribution of eGFR trajectories over the two-
year follow-up in the study population

This distribution of decreasing eGFR slopes over time explains why the
multivariate analysis did not display a good fit: the slopes of eGFR over time
were not normally distributed. In response to this limitation, the growth mixture
model helped us to address the non-normal distribution of eGFR slopes. Three
distinct groups of trajectories of decline in kidney function in males (normal
kidney function, rapid decline in kidney function and establish renal dysfunction)
and two in females (normal kidney function and rapid decline in kidney function)
were identified. The male group with a rapid decline in kidney function was
currently involved in agricultural work and outdoor work with a lack of shade
availability during work breaks, but not any other particular risk factor. On the

other hand, the few women that experienced a rapid decline in kidney function
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did not report historical or current outdoor or agricultural work or indeed any
other risk factor.['*l Based on this finding, different aetiologies may affect
different groups, e.g., infectious disease, phyto/mycotoxins or a poor water
supply, etc., or alternatively, a causal exposure spread across the population
but caused more cases of disease (through increased risk of exposure or

exacerbating factors) in men.

Importantly, we do not know whether only 10% of the population are affected, or
whether other people with previously stable kidney function would enter this

rapid decline group with a longer observation period.

The meta-analysis identified significant positive correlations between the male
sex, lowland altitude, water intake and a family history of CKD with CKDu.['??]
Most of the epidemiological studies have consistently reported strong
correlations between the male sex, lowland altitude and CKDu.[> 18-20. 24, 30-32, 45,
69, 106, 112, 116] Additionally, in our community-based cohort study, 10% of men
experienced an unprecedented decline in kidney function over the 2-year follow-

up period compared to women (3.5%).['24]

The association with high water intake is difficult to interpret because some
studies have reported a positive correlation between low water-intake or high
water-intake.% 6% 1101 This association may be interpreted as refuting or
supporting the hypothesis that dehydration is a risk factor for CKDu due to
volume depletion during heavy physical work or it may simply reflect a reverse

causation. In this context, reverse causation means that individuals with tubular
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damage may not be able to concentrate urine, and therefore the high water-

intake may simply be a sign of early kidney damage.[122 125]

Although many cross-sectional studies and two systematic reviews have
described a positive correlation between a family history of CKD and CKDu,?°
32, 69, 120, 122] thjs correlation was not reported in a recent community-based
cohort study of young adults, where the family history of CKD does not appear
to be a risk factor for a rapid decrease in eGFR, because the analysis was
adjusted for age, education level and community.['?l It is often assumed that
the clustering of a disease in families is due to genetic diseases, such as
autosomal dominant polycystic kidney disease (ADPKD) and APOL1 gene
variations.['26-129] However, diseases frequently cluster in families because
families share disease risk factors. Thus, these genetic diseases may not

explain the excess incidence of CKDu in a family cluster.

Our community-based study identified a number of key risk factors that were
positively correlated with a rapid decline in eGFR: outdoor work, agricultural
work and a lack of shade availability during work breaks, reported at
baseline.['?4l These findings are consistent with the results reported by other
epidemiological studies, which described that decreased kidney function was

associated with agricultural work (sugarcane, banana, coffee, and subsistence

farming).[15 19-21,24, 25,31, 32]

On the other hand, neither the systematic literature review nor our community-

based study found evidence of associations of a loss of renal function with heat
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stress, agrochemical exposure, alcohol consumption, and non-steroidal anti-
inflammatory drug uses.['?2 1241 All of the above risk factors have been proposed
as the main causes for CKDu in many of the publications.[?1-24. 26, 35, 39-41, 45, 46, 51,
59-61, 69, 118, 130-133] However, the findings from the community-based cohort study,
studies conducted at mill industries indicate that sugar cane work induces small
increases in serum creatinine levels across the work day or across the harvest
season, with authors suggesting that this change reflects an AKI secondary to
heat stress.[?? 23 43 501 Along with kidney damage, these changes in the
creatinine level may reflect a dehydration process that reduces the total water
content (leading to all solutes being concentrated), increased creatinine
production (as a consequence of high protein intake or muscle catabolism) or a
physiological haemodynamic reduction in GFR. The observation that other
kidney biomarkers did not show an increase in across shift testing and instead
increased across seasonsl'? 23,35, 43,125,130, 134 gyggests that cellular injury may
not underlie the across shift changes in creatinine levels that occur throughout
the work day. To date, robust evidence for a causal link between a permanent

reduction in kidney function and heat stress is unavailable.l?

Furthermore, heat stress exposure has also been reported to reduce work
capacity, decrease productivity and increase occupational accidents.['30. 139l
Reduced productivity was reported among construction workers, miners, steel

workers, etc. worldwide.[136-140]

Our data suggests that self-report of exposure to agrochemicals was not a

major risk factor for a decline in kidney function, and we have not found
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evidence for a role for heavy metals in this disease.l'*l These findings are
consistent with the current body of evidence, which has not identified an
association with reduced kidney function in Mesoamerica.l?0 21 31, 62, 69, 110, 122]
However, a study conducted among licensed pesticide applicators in the US
has described a positive correlation with highest tertile of accumulated lifetime
days of exposure to certain pesticides (atrazine, pendimethalin, metolachlor,
alachlor, and paraquat), and ESRD after adjusting for age and state, but not
social inequality or diabetes and smoking history and other risk factors, which
may associated with the duration of work as a pesticide applicator.[3l Another
study in a urban population within previous exposure to pesticides in Delhi,
India, found that blood levels of organochlorine pesticide metabolites, such as
gamma-hexachlorocyclohexane, p,p'-dichlorodiphenyltrichloroethane, and beta-
endosulfan, were associated with CKDu compared to healthy controls after
adjusting for age, sex, BMI, and the total lipid profile. Again, the study did not
adjust for inequalities that may drive exposure to pesticides and may explain the
apparent association with CKDu.**? Ultimately, better designed studies are
needed, as the existing pesticide studies in the US, India and Sri Lanka are
likely confounded by incomplete adjustment for socio-economic status, chronic

disease, unhealthy behaviours and other risk factors.

To aid in developing a clinical case definition, | assessed urinary neutrophil
gelatinase-associated lipocalin (UNGAL) levels as an additional marker for the
early identification of the rapid decline group. The prediction score from the
model including only one eGFR measurement plus uNGAL levels showed an

improved ability to detect individuals at risk of a rapid decline in kidney function
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(AUC: 0.75) compared to the model without uNGAL levels (AUC: 0.51).
However, when three eGFR measurements were added, the discrimination
power was almost the same for the model with and without uNGAL levels (AUC:
0.89 and AUC: 0.88 respectively). Thus, uNGAL levels do not help distinguish
people at risk of decline in kidney function when serial measurements of eGFR
(baseline, 6 and 12 months) are available. Hence, the latter strategy is
preferable, rather than expending resources measuring uNGAL levels. In
addition, for the identification of individuals with established renal dysfunction, a
single measurement of eGFR or uNGAL levels was sufficient to identify
membership of this subgroup, resulting in a well-fitting prediction model (AUC:

0.98).

In summary, this study has contributed to the knowledge base of CKDu by
describing the natural history of a highly progressive form of kidney disease
among men in northwest Nicaragua. It also highlights the urgency in
establishing larger community-based cohort studies in different settings and
intervention studies to examine the cause(s) and reduce the progression of
CKDu. Cross-sectional studies are useful for understanding a static disease, but
based on the data obtained from this cohort, the disease has a strong temporal
element. Furthermore, due to their very nature, cross-sectional studies may not
capture the group with a rapid decline in kidney function. Thus, this group will

be misclassified in a cross-sectional study.

Notably, occupational studies are affected by the healthy worker effect because

mill industries only hire workers with "normal" kidney function (Scr <1.3 mg/dl)
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for the harvest period. Hence, when workers have an abnormal Scr test, they
lose their jobs and will move to other occupations, such as banana plantation
work or subsistence agriculture. Hence, in the context of screening of workers
for CKD, cross-sectional studies are unable to quantify the real magnitude of

this disease and address reverse causation.

6.2 Strengths and Weaknesses
Individual strengths and limitations of each individual paper are described in

Chapters 2 to 5. The overall strengths of this thesis are presented below.

6.2.1 Strengths

6.2.1.1 Study design

This thesis is based on the first-ever community-based prospective cohort study
among an apparently healthy young population that has assessed the natural
history of and factors associated with decline in kidney function over a two-year
follow-up period. A census of nine communities was performed in the population
aged 18-30 years, and individuals without any pre-existing diagnosis of
diabetes, glomerulonephritis or hypertension were invited to participate in the
study. All apparently healthy men were recruited and a random sample of all

eligible women was selected.

6.2.1.2 Community engagement and study retention

Community engagement with community leaders and participants was

conducted before and during each study visit to achieve a participant retention
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rate of 92% over the two-year follow-up period. Participants received their lab

results within a week of the study visit to enhance community engagement.

6.2.1.3 Single batch measurement and use of the eGFR trajectory as the
outcome measure
Analyses of serum creatinine and cystatin C levels were performed in a single
batch at end of the study in Oxford, UK. Samples were analysed using quality
control methods referenced to international standards. For example, the
reference method for creatinine was isotope dilution mass-spectrometry (IDMS).
The outcome of the follow-up was the eGFR trajectory calculated for each
participant at each study visit from the growth mixture model for men and
women. This strategy reduced misclassification and robustly identified

individuals affected by MeN.

6.2.2 Limitations
This section presents the overall limitations of this thesis, along with the
potential impact in terms of the lack of associations between certain exposures

and decline in kidney function.

6.2.2.1 Selection of the sample

A community-based census was conducted among young adults aged 18-
30 years. The census identified 520 adults, which represent approximately
10% of the total population, but if we compare these data with Nicaragua
population pyramid, fewer young adults live in these villages than might be

expected.l'*3l Several explanations for this discrepancy are possible. First,
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as is typical for communities in many LMICs, young adults migrate to cities
or other regions in pursuit of better job opportunities and quality of life.['44]
Second, the overall population is small and many young adults have died
due to CKDu. Finally, the national census data may be inaccurate, as they

were last updated in 2005.[143]

However, the entire healthy adult population in the target age range was
recruited from the affected villages, and therefore associations with a
decline in kidney function will be internally consistent, even if they are not

necessarily generalizable to other regions.

6.2.2.2 Exposure assessment

6.2.2.2.1 Occupational exposure

Work history was assessed by self-report at baseline. These data were
collected by asking participants about their entire working life (e.g.,
What was your first occupation and for how many years have you been
working in that occupation? How many hours per day did you work?).
Although we used these detailed data collected at baseline, we were
unable to establish a relationship between a previous occupation and a
decrease in eGFR. This lack of an association may be because none
exists, or because participants reported short-term exposure to multiple
different occupations during their work life.

In addition, a discrepancy was observed with the current occupation in
the sensitivity analysis at the second visit compared with the baseline

visit, but this can be explained by seasonal differences in exposures. As
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seasons change, so do the risk factors. Trouble is that participants who
lost kidney function between visit 1 and 2 may have changed behaviour
as result of the kidney function test results, introducing reverse

causality. Hence, results have to be interpreted with caution.

6.2.2.2.2 Heat exposure

6.2.2.2.2.1 Occupational heat exposure

The evidence base addressing the health effects of occupational heat
stress exposure has increased rapidly in recent years.[37-39 47, 139, 145] A
range of occupations (outdoor and indoor) are known to be associated
with high levels of heat stress. Outdoor workers at risk of heat stress
exposure include sugarcane workers (cane/seed cutters, seeders,
pesticide irrigators, and water irrigators), miners, agricultural workers,
construction workers, brick-makers, and military personnel.[?? 24, 26, 38-41,
43, 45,136, 1461 Meanwhile, indoor workers exposed to heat stress include

bakery workers, steel workers, factory workers, etc.['39 140, 147]

An objective assessment of heat stress is not a straight forward
measurement. In Central America, heat exposure has been assessed
by measuring the wet bulb globe temperature (WBGT) or using the heat
index at the workplace.l#0- 41, 147-1501 Both measurements estimate the
heat effects by quantifying the air temperature, humidity, wind speed
and radiant heat.[0- 41. 1471501 For example, Crowe et al measured the
heat stress exposure among manual cane cutters in Costa Rica by
measuring the WBGT index and reported that cane cutters are working

under excessive heat (WBGT>26°C) for most of the work day.?% 41 |n El
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Salvador, approximately 40% of coast -cutters worked and
approximately 10% cutters at a height of 400 mts worked at

temperatures above 30°C (WBGT) during the 2014-2015 harvest.[3]

In addition, a recent pilot study in a subgroup of cane cutters in El
Salvador reported that their average heart rate (HR) was 54% of the
maximum HR during one day of work, a higher frequency than soldiers
participating in multi-day exercises. Their average core body
temperature was 37.5°C (95% CI: 37.7 to 37.4°C) during a work day
averaging a temperature of 38.4°C (95% CI: 38.7 to 38.1°C). For two of
14 workers, this value exceeded 39.0°C.["%"] These severe changes in
HR and body temperature suggest that cane workers are exposed to
extreme heat stress due to high intensity muscular work in a hot and
humid climatic environment. These changes activate heat loss
mechanisms by sweating; however, sweating may impact the hydration

status and potentially renal function.

6.2.2.2.2.2 Self-reported heat stress

A number of scientific tools to assess self-reported heat stress among
outdoor workers have been developed. These tools include semi-
quantitative environmental parameters that have been validated using
physiological measures.['5?-154 For example, a study evaluating the heat
stress perception index (perceived exertion and thermal sensation)
among construction workers in India reported a good correlation between

the self-reported index and environmental and physiological variables:
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heart rate and WBGT.!'! Our findings, which were obtained using
similar questions as in this index, suggested that self-reported heat
exposure was not a risk factor for decline in kidney function. This
discrepancy might be because the questions are not valid in the study
population or because self-reported heat stress is not associated with a

decline in kidney function.

6.2.2.2.2.3 Symptoms related to heat

According to recent reports, headache, weakness, dizziness, fever,
nausea, tachycardia, fatigue, muscle cramps, and vomiting are
associated with heat stress among sugarcane workers in Central
America.l*?l An assessment of these symptoms is based on protocols
from the US Army, which has used these variables to assess the health
impact of heat exhaustion among soldiers with high physical
demands.['*] However, these symptoms are not specific to heat
exhaustion because they are also induced by other diseases. Based on
our data, heat-related symptoms captured by self-report are not
associated with a decline in kidney function. Thus, a heat-related
symptom questionnaire must be validated and/or the novel biomarkers
that are able to capture physiological heat stress on an individual level

must be identified.

6.2.2.2.3 Agrochemicals
Long- and short-term pesticide exposures were assessed with a

questionnaire. However, farmers quite often did not remember the type of
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pesticide, when or how much was applied. Similar to heat stress, validated
questionnaires to quantify pesticide exposure at work are lacking. Despite
this limitation, this thesis included the self-reported pesticide exposure as
part of an exploratory analysis of CKDu, but no clear association was
detected in this analysis. Future studies measuring pesticide metabolites in
urine are needed to overcome problems of identification, dose and possible

recall bias.

6.2.2.3 Measurement error in eGFR

A major challenge in epidemiological kidney research is errors in GFR
estimates due to both biological variability (within-person and between-person)
and measurement errors in serum creatinine levels. Intraindividual variations in
eGFR have been observed and well-documented among healthy and unhealthy
people because kidney function varies during the day. This variation is caused
by multiple factors, such as strenuous exercise, high animal protein meal intake,
and changes in plasma volume. Inter-individual variations in eGFR also arise
from non-renal factors, e.g., sex, genetic background and muscle mass. All of
these factors affect creatinine production and secretion.l® & For example, a
cane cutter performs strenuous physical effort and work under hot
environmental conditions. He may have intermittent meat consumption (leading
to variability in creatinine levels) and a higher muscle mass than others (or from
the beginning to end of the harvest season), leading to a bias in eGFR
estimates, and experience immediate changes in kidney function in response to
loss of fluid, which may lead to transient increases in serum creatinine

concentrations after work. Therefore, the small increases in serum creatinine
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observed in sugarcane workers[?? 23 26. 43, 451 may not reflect sources of variation
other than short-term changes in kidney function and should be treated with

caution.

Cystatin C is less susceptible to changes in diet/muscle mass compared to
creatinine and thus might be a more useful marker in short-term studies of
eGFR in workers.['5": 1581 The eGFR calculated based on both serum creatinine
and cystatin ¢ levels was measured repeatedly in the same person over time
and assayed in a single batch at the end of the study to avoid some of these

problems in our cohort.

The eGFR was estimated using a validated IDMS-traceable method and
Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation.
However, the CKD-EPI formula has not been validated for Latin American or
Mesoamerican populations to date.’ This lack of validation may lead to
misclassification error due to over or underestimation of the eGFR. However,
because repeated measurements of serum creatinine and cystatin c levels were
performed over time to estimate rate of decline in kidney function, the main

comparison in our cohort was based on within-person changes.

6.3 Clinical and public health implications

CKDu is a silent disease in Mesoamerica that affects thousands of individuals
among the economically active population, causes the premature death of
young adults, and has socioeconomic implications for patients, families,

communities, local industries and health services.

176



6.3.1 Individual/family implications

The living conditions of the inhabitants of northwest Nicaragua are largely
determined by the low education level and limited employment opportunities.
Work poses significant health risks due to the psychosocial pressure and
economic uncertainty generated by precarious employment. The working
environment appears to be a major health hazard. The nature of the
employment contracts (piecemeal work and temporary contracts) and the
availability of labour (high rates of unemployment with a limited labour
market providing few alternatives) make the workers opt for jobs where
working conditions (high temperatures and heavy physical loads), in many
cases, would be classed as inhumane in most countries around the world in

contemporary times.

The consequences of a CKDu diagnosis are also severe. For example,
when a worker is diagnosed with CKDu, it has a tremendous impact on his
and his family’s lives because he will experience decreased physical and
mental function, leading to a worsening of the socioeconomic status,
disability, family dysfunction, early retirement and premature death.
Indirectly, this situation will promote school drop-out at an early age and
increase child labour to help provide for the economic needs of the family,
leading to a vicious cycle of health-related poverty and disease as result of
poverty. A question for further research is whether children whose parent

died early as a result of CKDu may be predisposed to developing CKDu as
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result of child labour in precarious working conditions superimposed on

physiological changes in kidney function that occur during puberty.['59

6.3.2 Medical implications

CKDu has many implications for health providers and services. First,
physicians from hotspot regions are diagnosing patients with CKDu late in
the course of disease, e.g., at a time when they need renal replacement
therapy (RRT).['6%: 161 This |ate diagnosis is partially due to the lack of a CKD
screening surveillance system at the primary, secondary or tertiary health
care level. In addition, a lack of continuing professional education in the area
of CKD has been noted, and practitioners are thus unaware of the current
CKD definition, classification and requirements for RRT when patients have

end-stage renal disease.l'6?

Second, a serious concern about the best treatment option to prevent the
progression to end-stage renal disease (ERSD) has been reported. For
example, based on a personal communication with Dr. Ramén Garcia-
Trabanino' from EI Salvador, he has been conducting an empirical trial for
more than 10 years that aims to slow the progression of CKDu. This protocol
consists of bicarbonate and a low dose of allopurinol, and he has observed a
deceleration of the progression to ERSD and an apparent alleviation of

dysuria, which is very common in the early stages of CKDu. Any benefits for

' Dr. Ramén Garcia-Trabanino; Centro de Hemodialisis, San Salvador, El Salvador; and Fondo Social de
Emergencia para la Salud, Centro Monsefior Oscar Arnulfo Romero, Canton Tierra Blanca, El Salvador.
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patients receiving this type of treatment remain unknown, as there is no

empirical evidence for this type of therapy.

6.3.3 Government/healthcare system implications

The healthcare system in Nicaragua is divided into the public health system
(MINSA) and private health insurance. MINSA has the responsibility of
providing access and medical care to the general population and informal
workers (representing 80% of the working population that are not covered by
the Nicaraguan Institute of Social Security (INSS)). INSS provides health
care only to formally employed workers from large companies and the public

sector, which represent between 20 to 22% of the working population.['63]

MINSA has implemented substantial efforts to address the epidemic of
CKDu in the region by opening eight small-medium-sized haemodialysis
units (293 patients are receiving three sessions of haemodialysis per week)
at MINSA and six small units for continuous ambulatory peritoneal dialysis in
the hotspot area (227 patients are receiving this treatment option), but this
effort is still insufficient given the rates of CKDu in northwest Nicaragua.l'®":
1621 On the other hand, the INSS has admitted 3050 patients with CKD to the

RRT programme from 2008-2017.[163]

Despite these improvements, resources for the diagnosis and treatment
CKD or CKDu are insufficient. For example, Nicaragua has the lowest
number of nephrologists per million population (4.6 nephrologists per million

population) in Central America, as well as a lack of nurses,
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nephropathologists and other personnel trained in nephrology.['6"
Remarkably, although the country has the highest mortality rate for CKDu in
Mesoamerica, a substantial unmet need in the nephrology workforce

persists.

In addition, the infrastructure (nephrology centres with haemodialysis and
peritoneal dialysis units) that manages patients with CKDu is insufficient and
inadequate. In addition, problems with the supply of medications and
laboratory capacity have been noted, indicating that patients with pre-end
stage renal disease may not be diagnosed and complications are not
treated. Indeed, the system is already so stretched and RRT is so expensive
that the budget for additional preventative care measures is limited.['61. 162]
Finally, a CKD surveillance system, health promotion and prevention

strategies for CKDu at the community level are lacking.

6.3.4 Industry implications

The sugar mills started to implement a screening test prior to hiring workers
in 2001. This programme allows the sugar mills to identify potential workers
with normal and non-normal serum creatinine (Scr) levels. The Scr reference
value that the industry established was initially <1.2 mg/dL of creatinine (this
represents an eGFR of 87 mL/min/1.73 m? for a 20-year-old man).*%! Due to

the low number of people with a Scr level below the cut-off point, a new
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reference value was defined last year (<1.3 mg/dL)? (representing an eGFR

of 79 mL/min/1.73 m? for a 20-year-old man).

Based on the high number of sugarcane workers with a high creatinine level
at the end of the harvest, the industries have decided to mechanize the
harvest. Currently, mechanical harvesting has increased to 90% of the
sugarcane crop in one of biggest mills in Nicaragua and approximately 70%
in other sugar mills. Thus, sugarcane industries are hiring fewer manual
workers (cane cutters) during the harvest.'® However, the impact of
increasing mechanisation on the availability of jobs is negative because the
unemployment and poverty rates will increase in the rural areas due to the

lack of other employment opportunities.

In addition, sugarcane industries have taken action to reduce the heat stress
and dehydration in sugarcane workers by implementing an intervention
programme (Worker Health and Efficiency (WE) programme) during the
harvest season in El Salvador and Nicaragua.['3% This intervention involves
providing water, rest and shade together with an ergonomic machete and
breathable clothing. In addition, health education and field monitoring occurs
during the work day. This intervention programme has not been evaluated
systematically nor implemented on a large-scale.['35 164 Nevertheless, at
least some parts of the sugar cane industry are aiming to improve working

conditions and to mitigate possible effects of heat stress and heavy workload

2 personal communication Denis Chavarria, Department of Occupational health and Safety, Ingenio San
Antonio
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on sugarcane cutters. However, to date, evidence for any possible protective

effects on kidney function are limited.['3% 164]

6.4 Academic research implications

The cause of CKDu in Nicaragua may be so highly prevalent that it is difficult to
detect using a relatively small and localized cohort study (i.e., all or almost all
community members are exposed to the primary cause of disease). This
hypothesis supports the idea of establishing a number of cohorts in different
settings with a wider range of exposures. Therefore, a useful strategy would be
to design and implement a generic cohort protocol for detecting progressive
kidney disease in rural LMIC communities (for a draft see appendix C of this
thesis). These studies might also provide the platform for targeted clinical trials
of individuals with a progressive disease and contribute to better insights into

the progression, causation, and methods to delay the transition to ESRD.

6.5 Future research

The work presented in this thesis does not provide evidence for subjective
measurements of exposure to identify hypothesized risk factors. Based on
these findings additional analyses have been done that are not part of this
thesis. For example, we have measured heavy metals in drinking water and
urine samples, pesticide metabolites and Ochratoxin A (OTA); a manuscript is

currently in development based on these measurements.

We were unable to identify the exposures associated with a decline in eGFR in

this population during the first two years of follow-up. These could be due to a
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relatively short follow-up period, the moderate sample size that was recruited in
the first phase of this cohort or that the questionnaire did not capture the extent
of exposure. That is why we decided to expand and extend our existing
community-based longitudinal study from 2018 to 2020 and allow us to continue
describing the natural history of and exploring the causality of this disease by
using a more refined exposure matrix. In this second phase, we are following
the existing 350 participants and recruiting to further 250. The participants will

be visited once a year.

A biobank has been developed at the Centre for Nephrology at University
College London (UCL) for future analysis such as genetic, metabolomics and

proteomics analysis, infectious diseases, etc.

Future research efforts should address a number of questions:

e The development and validation of a core questionnaire to capture
occupational and non-occupational exposures, such as
sociodemographic data, labour history, heat stress and hydration
symptoms, medications, agrichemical exposure, etc., in different contexts
and countries.

e Validation of exposure biomarkers (e.g., for heat stress) or other tools
(e.g., wearables) in different locations, both at the workplace and
community levels.

e Validation of equations used to calculate eGFR in local populations in

various regions of the world.
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Studies of infectious disease incidence and associations with eGFR
would help researchers explore the potential role of leptospirosis, dengue
or chikungunya on the genesis of CKDu.

Studies that investigate family members and offspring of families affected
and not affected by CKDu, including the role of child labour and careful
phenotyping during adolescence to capture the timing/role of puberty.
Clinical trial protocols with promising treatments known to delay the loss
of kidney function in other settings, e.g., oral bicarbonate and allopurinol
therapy, or only allopurinol. This method requires the identification fast
progressors to target interventions.

Larger community-based and occupational cohort studies at different
locations and with different populations are needed, as described in the
previous section.

More studies of social health determinants in varying contexts and
countries are needed to identify how these factors interact with

occupational behaviours.

6.6 Personal learning

My doctoral training has been a challenging journey in my life for many reasons.

During the registration process, | realized that my English skills were insufficient

to enrol in a PhD programme. Thus, | took an intensive English course to

improve my writing and speaking to surmount this obstacle.

| have gained new knowledge and skills in the use of the STATA software for

first time, and during the course of my studies, | have learned to conduct
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complex analyses of longitudinal data (multivariate analyses, growth mixture
modelling analyses) using STATA software, which were totally new concepts to
me. Thus, | have acquired new theoretical and practical knowledge of the
challenges of handling longitudinal data, analysing time-dependent data and

interpreting longitudinal data.

| have developed the skills to conduct systematic reviews and meta-analyses
for first time in my life by conducting a literature review on my research topic.
These skills led me to sharpen my critical thinking by very carefully scrutinising

scientific papers to identify the strengths and limitations (bias) of each study.

| have gained knowledge on how to deal with and address reviewers’ comments

during the peer review of my manuscripts.

| have learned that although many research studies have been conducted in
Mesoamerica, the current evidence on the cause(s) is similar compared to the
state of knowledge ten years ago. Most of the occupational studies have been
affected by insufficient or short-term follow-up data and by the healthy worker
effect. This problem cannot be solved by conducting cross-sectional studies in

the region.
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6.7 Conclusions

To my knowledge, this set of studies is the first body of work to describe the
natural history of and factors associated with declining kidney function in a
population at risk of developing CKDu in Nicaragua. The cohort study has
shown the importance of repeated kidney function assessments to characterize
the loss of kidney function in this high-risk population. This research was
unfortunately unable to identify the cause(s) of this silent and mysterious
disease. Thus, better exposure data are needed to obtain a better
understanding of the aetiology. Therefore, this cohort study should be replicated
in other communities using improved exposure assessment tools and across a

wider range of populations as soon as possible.
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Confirmation of ethical opinion
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Appendix B: Questionnaire

RESEARCH
BASELINE QUESTIONNAIRE (O_CKD_PC)
Questionnaire code Community code

Date [/ / Hour:

Good morning, my name is , l work at the National

Autonomous University of Nicaragua, Le6n. We are collaborating with London School of
Hygiene and Tropical Medicine and University College London in a research Project of Chronic

Kidney Disease in North-western Nicaragua.

Before starting with the questionnaire, we would such as to ask you if are you agree to be part

of this study? If you agree to enrol in this study, please sign the inform consent.

Anthropometrics measurements

Weight DD . D kg Height D . DD meter
Blood pressure: DDD / DDD mm/Hg (Systolic/diastolic)

Samples (mark with a X if you took it) Blood Urine: Water

You will now be asked questions about different aspects related to your life and
work.

DEMOGRAPHICS

1) Age DDyearold 2) Sex 1. Women D 2. Men D

3) Last year of school approved ;
(Write the last grade or year approved ) D D 1'anary D D 2 Secondary

Total of schooling years: ____ DD 3. Polytechnic DD 4. University

SOCIOECONOMIC CONDITIONS

4) How many of your family
members living in the
same house are currently D D
working?
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5 H hd ?
) How much do you earn c$ D DDDD monthly,

Salaries =C$ D DDDD

6) How much is your family
income per month? Family remittances = C$ D DDDD
(Sum the entry in Cérdobas of ALL family .
members and remittances from abroad) Other income = C$ D D D D D

Total = c$ HiERNR
7) How many people depend

on that income? Children DD + Adults DD TotaI=DD

Well [ ] River [ | Waterhole [ ] Pipped water []

(if it is well, fill the additional questions)

Perforated: 1. Yes D 2. No D

8) Where does the water Excavated: 1. Yes D 2. No D

you drink come from?

options)
Agricultural plantations near the water source:

1.Yes [ ] (Consider crops close at 100 mts)
2.No L]

Type of crops:

9) Do you treat the

drinking water? 1. Boiling L] 2. Chlorine [] 3. Home filters [ ]
(Boiling, chlorine, etc.) 4 Other [] 5 None [

10) Where do you
g?ﬁ:f;ea(zauk;:?dump 1. Latrine [ | 2. Toilet[ ] 3. Outdoor [

CURRENT OCCUPATION

11) What is your current job?
(Agriculture, sugarcane cutter,
farmer, water applicator
construction, etc)

12) What task do you perform?
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13) How many years have you been
working in your current job?

D D years D D months

14) How many months in a year do
you work?

DD months

15) How many hours do you work
daily?

DDDhours

16) Do you work on your own or for
someone else?

1.0n my own [

2.For someone ||

17) Are you affiliated to the national
social security system?

1.Yes | | 2.No L]

18) What age do you had when you
started working for the first time?

Year old

OCCUPATIONS HISTORY

19) Since you started working, what have you worked for?
(not include those jobs with less than 3 months. Begin with the first and finish the last job (no include the current

job). Include the unemployed period, please

How long How How
. What task did | have you many many
Occupation o ” b d did h
Age (example: agricultural you pertorm: een ays di ours
worker, construction éExanI?;' seederl’, Working you work did you
onstruction, apply
worker, Vendor, efc) pesticide, etc.) (vear: S) per work per
week? day?
HEAT EXPOSURES
1. Indoors.
2. Mostly indoors.
20)Y ki ied out tly?:
) Your work is carried out mostly 3 Outdoors.
4. Mostly outdoors
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5. Other, specify:

21) Do you work in a very hot working
environment?

1. Seldom or never.
2. Few times.

3. Regularly.

4. Frequently.

5.

Always or almost always.

22) If it is regularly or more often: ;Do
you have possibilities to cool off
when you needed?

1.NOD

2. Yes D specify:

23) Do you have breaks during your
workday?

1. Yes D 2.No D

24) What is the total duration of your

breaks? (no including the lunch break,
please)

D D D minutes

25) How often do you take breaks?

DD times

26) How long do you take for your
lunch time?

D D D minutes

27) Is there shade available during
breaks in your workplace?

1.Yes D 2.No D

28) Do you work at a high work speed?

1. Yes D 2.No D

29) If it is yes: Do you have possibility
to slow down when needed?

1. Yes D 2.No D

30) If it is not, explain why?

31) How long time do you take to
commute to your workplace?

D D D minutes

32) What is your means of
transportation to the workplace?

D 1. Bike

D 3. Open truck, sitting.

D 2. On foot

D 4. Open truck, standing

D 5. Bus.

D 6. Other:

33) When you have arrived at work, are
you already get sweating heavily?

1.Yes D 2.No D
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34) Do you push, throw or lift heavy

objects or equipment?

1.Yes D 2.No D

35) If handling heavy loads, what is the
approximate weight(s) of the

objects or equipment?

HP
s
a4

D 1. Up to 25 Ibs
Between 26 y 50 Ibs
Between 51 y 100 Ibs

More than 100 Ibs

36) How much physical effort did you

exert last week at work?

HE
HP
s

Slight effort
Moderate effort
Hard effort
D 4. Very hard effort

D 5. Did not work last week

37) Have you worked on a cotton

plantation? 1.Yes D 2.No D (If it is no go to the question 38)
Wh k di
How long have you worked? at tas d'g
If it is yes you perform?

38) Do or have you worked in a banana

plantation? 1.Yes D 2.No D (if it is no go to question 39)
How long do or have you What task do or did
If yes work(ed)? you perform?

39) Do you work or have you
been working in a banana
packaging plant?

question 40)

1.Yes D DD Years 2.No D(If it is no go to

40) If you are not currently
working in sugarcane,
have you worked in

1.Yes D 2.No D (if it is no go to question 41)

sugarcane?
How many months | What kind of
.. How many years .
If it is yes have you worked in | tasks have you
have you worked?
ayear? performed?
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HYDRATATION HABITS (calculate in litres always, for expample. 1 glass = 0.250 L

Could you tell me about the drinks that you drank yesterday, if you drank and
how much you drank since you woke up?

On waking
41) Did you drink 42) What did you drink? ) :::v dn;:it; e
something?
Litres
1.Yes D 2.No D Litres
Litres

During the morning

46) How much did
44) Did you drink

. o o
something? 45) What did you drink? you drink?
Litres
1.Yes D 2.No D Litres
Litres
At noon
47) Did drink 49) How much did
id you drin . . en
something? 48) What did you drink? you drink?
Litres
Litres
1.Yes D 2.No D - @
Litres
Afternoon
50) Did drink 52) How much did
id you drin . o en
something? 51) What did you drink? you drink?
Litres
1.Yes D 2.No D
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Litres

Litres

During dinner

53) Did you drink

55) How much did

i ink? drink?
something? 54) What did you drink you drin
Litres
Litres
1.Yes D 2.No D
Litres

After dinner

56) Did you drink

58) How much did

i ink? ink?
something? 57) What did you drink you drin
Litres
Litres
1.Yes D 2.No D
Litres
If the interviewee is a worker:
59) Did you go to work yesterday?
1.Yes D 2.No D
60) If not, When you work do you drink more 1. Much more D 2. More D
fluids?
3. The same D 4. Less D
OTHER HABITS

61) Do you currently smoke?

1.Yes D 2.No D (if it is no go to question 64)

62) How many cigarette do you smoke

a day? D D cigarette/day

63) What age did you start of smoking? D D
Years

64) if you do not currently smoke: Did

?
you smoke before? 1.Yes D 2.No D (if it is no go to question 69)

65) How many cigarettes did you

smoke a day? D D
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66) What age did you start of smoking
and at what age did you stop of

smoking?

67) If you smoke intermittently, how
many years have you smoked?

Years smoked

D DAge at start. D DAge at finish

68) Do you currently drink alcohol?

1.Yes D 2.No D (if it is no go to question 70)

69) What kind of alcohol do you drink? (include all kind alcohol beverage that the interviewee drinks)

Quantity

Frequency

Years of drinking this

Type (Daily, Weekly, type of alcohol
Monthly, etc.)
Beer D D D bottles 12 ounces (1 liter =3 D D
bottles)
Rum [] D D Shoot (1 small bottle = 13 shoots) D D

Caballito/Perla/Ron

plata D

D D shoot (1 small bottle = 13 shoots)

il

Other [] (Wine,

vodka, tequila, etc.)

il

il

70) If you do not drink now, did you

drink before? D 1.Yes DZNO (If it is no go to question 71)
Quantit
T y Frequency Years of drinking this
ype (daily, Weekly, type of alcohol
Monthly, etc.)
Beer D D D bottles 12 ounces (1 liter = 3 bottles) D D
Rum [] D D Shoot (1 small bottle = 13 shoots) D D

Caballito/Perla/Ron

plata/ D

D D shoot (1 small bottle = 13 shoots)

il

Other [ | -

(Wine,
vodka, tequila, etc.)

il

il

71) Do you take or have you taken illegal drugs?

D1.Ye3 D 2.No (Ifitis no, go to

question 73)

72)

A th 1. Have you ever | 2. Have you 3. Have you
for;;v:v?rr,z ° tried in your smoked in the | smoked in the
questions life? last year? last 30 days?

- 1.Yes 2.No | 1.Yes 2.No | 1.Yes 2.No
1. Marijuana
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2. Floripon (angel’s | 1. Yes 2.No | 1.Yes 2.No | 1.Yes 2.No

trumpet)

3. Mushrooms 1.Yes 2.No | 1.Yes 2.No | 1.Yes 2.No
4. Cocaine 1.Yes 2.No | 1.Yes 2.No | 1.Yes 2.No
5. Crack 1.Yes 2.No | 1.Yes 2.No | 1.Yes 2.No
6. Glue 1.Yes 2.No | 1.Yes 2.No | 1.Yes 2.No

7. Other drugs

. 1.Yes 2.No | 1.Yes 2.No | 1.Yes 2.No
(specify):

HEALTH AND WELFARE

73) How do you consider your health status?

[] 1. Very good ] 2Good [, Regular ] 4Bad [Js. Very bad

74) How often do you do exercise?
/1. Never [/ 2. Occasionally [ /3.2 to 3 times x week [/ 4. 4 to 5 times x week
[ Js. Every days

75) How often do you eat fruits, vegetables and salads?

/1. Never [/ 2. Occasionally [ /3. 2to 3times x week [/ 4. 4to 5 times x week
[ Js. Every days

76) ¢Do you eat your food without salt or with very Little salt?

/1. Always /"] 2. Most of the time | /3.Few times [ /4Never [ /5. Add salt to my food

77) In the last 4 weeks have you felt?

a) Back pain?

[ 1. cervical [ ] 2. Thoracic [ |3 Lumbosacral [ |4 Has not felt anything

b) Arm or leg pain?
D 1. Shoulders D 2.Elbows D 3. Wrists D 4. Hands D 5. Knee D 6.Ankles D 7. Feet
D 8. Other

78) In the last 12 months of work, have you

suffered any injuries (injury, fracture, etc)due || |1 ves | | 2No ¢ Specify?
to an accident at work?

Nephrotoxic medications (show the catalogue)

79) Have you taken any of these pain

medications that you see in the
catalogue? [l1ives [ 2No

80) Ibuprofen, Diclofenac, (o, N
0. Never
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[] 1.0nly occasionally

]2 Regularly or intermittently
[ ]1.For 1 month or more (___months)
[ 2 Less than a month (___weeks)

[ ] 3.Daily
[ ]1.For a week or more (___ week)

[ 2 Less than a week (___days)

81) Aspirin

[ Jo. Never

[] 1.0nly occasionally

]2 Regularly or intermittently
[ ]1.For 1 month or more (___months)
[ 2 Less than a month (___weeks)

[ ] 3.Daily
[ ]1.For a week or more (___ week)

[ 2 Less than a week (___days)

82) Paracetamol (acetaminofen)

[ Jo. Never

[] 1.0nly occasionally

]2 Regularly or intermittently
[ ]1.For 1 month or more (___months)
[ 2 Less than a month (___weeks)

[ ] 3.Daily
[ ]1.For a week or more (___ week)

[ 2 Less than a week (___days)

83) Could you tell me where was the pain?

84) Have you received antibiotics for
injection more than a week?

Show catalogue (gentamicin, amikacin)

[ Jo.Never
[] 1.0nly occasionally

]2 Regularly or intermittently
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[ ] 3.Daily

85) Could you tell me for what kind of
infection?

86) Do you take or have you taken
Furosemide, phenazopyridine?

Show catalogue

[ Jo.Never
[] 1.0nly occasionally

]2 Regularly or intermittently

L] 3.Daily
87) Do you drink a medication for high
blood pressure? " Jives [ 2No
FAMILY BACKGROUND
89) Has he worked in
agriculture?
[ 1.Yes [ ]2No
a) Father
b) Mother
c) Brothers (# )
d) Sisters (# )
e) Cousins (# )
1. Father 2) “%%Zes\l\(l; & —) )
88) Has a family 2. Mother h) Uncles (# —)
member been 3. Brothers (# ) ) EE—
diagnosed with 4. Sisters (# )
CKD (Currently or | 5. Cousins (# ) .
before) 6. Nephews (#__) | °0Hasheworkedin
7. Nieces (# ) 9 )
8. Uncles (# ) [liyes [2No
9. None
a) Father
b) Mother

c) Brothers (# )
d) Sisters (#__ )
e) Cousins(# )
f) Nephews (# )
g) Nieces(# )
h) Uncles (# )

PERSONAL HEALTH HISTORY

91) Have you been diagnosed
with any of the following
diseases: (confirmed

a) High blood pressure: 1.Yes [ ] 2.No []
b) Diabetes: 1.Yes L] 2.No [
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by a physician and under
treatment)?

c) Nephrolithiasis 1.Yes [ ] 2.No []

d) Arthritis 1.Yes L] 2.No [
e) Other 1.Yes L] 2.No [
Specify
92) Have you been medically
diagnosed with urinary
tract infection? D1.Yes D 2.No (if it is no go to question 94)
93) If it is yes did they
laboratory test the urine? |[];vyes [ ] 2No

94) How many times have you
had urinary tract infections
in the last year?

il

95) How long ago was the last
time you had a urinary
tract infection?

DD months

96) Do you have a spouse or

partner? [JiYes []2No
97) If it is yes, do you or your
artner intend to get
; 2 [liYes [ 2No

pregnant?

98) How long have you been
trying to get got pregnant?

DD months

99) How many children do you
have?

Still births L I | Abortions L]

100) Did you or your wife get
pregnant easily?

[ liYes [ 2No

101) How long ago was you
got the last pregnancy?

DD months

102) Have you used birth

control? [ liYes [ 2No
103) Have you been
diagnosed with infertility? | [ Jives [ ] 2No
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104) Have you had premature
birth?

[liYes [ 2No

105) If it is yes, how
premature were they?

DD weeks

106) Have you had a child
who was small at birth?

[ liYes [ 2No

HEAT STRESS AND DEHYDRATION SYMPTOMS

107) Have you fainted or
passed out due to heat?

[liYes [ 2No

(If it is yes, go to question 110)

108) If it is yes, has it been on
your job?

[ liYes [ 2No

109) If it is yes, what task
were you doing?

110) Have you lost weight in
the last 6 months?

D1 Yes D 2.No (if it is yes, go to question 114)

111) If it is yes, in what
circumstance?

—_

Working, Specify
2. Doing exercise or sport
3. Other,

specify

112) How many pounds have
you lost in the last 6
months?

LT 1bs

113) What frame time have
you lost that weight?

1. days
; weeks
3. months

114) Could you tell me if you
have seen the aristolochia
plant or the flower that |
show in the catalogue)?

[liYes [ 2No

115) If it is yes, where have
you seen it grow?

116) Does it grow in
sugarcane fields?

[ liYes [J2No [ 9Do not know
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Have you experienced any of the following symptoms in the last 6

months?
Symptoms How often (check with a circle)
D1 Yes 1. Almost every day or every day
1) Extremely dry 2. Atleast once a week
?
mouth Today? Yes No__ 3. Several times a month
4. Once during these months
[]2.No
[ J1.Yes 1. Almost every day or every day
2) Burning sensation
while urinating or Todav? Yes No 2. Atleast once a week
Chistata y: — | 3. Several times a month
4. Once during these months
[]2.No
[ J1.Yes 1. Almost every day or every day
3) Very little urine ) 2. Atleast once a week
Today? Yes No___ 3. Several times a month
4. Once during these months
[]2.No
[ J1.Yes 1. Almost every day or every day
2. Atleast once a week
4) Very dark urine Today? Yes No___ 3. Several times a month
4. Once during these months
[]2.No
[ J1.Yes 1. Almost every day or every day
5) Cramps ) 2. Atleast once a week
Today? Yes No___ 3. Several times a month
4. Once during these months
[]2.No
1 Yes 1. Almost every day or every day
2. Atleast once a week
6) Headache
?
Today? Yes No__ 3. Several times a month
4. Once during these months
[] 2.No 9
7) Palpitations [ J1.Yes 1. Almost every day or every day
(feeling your heart 2. Atleast once a week
;2;;’“"9 very Today? Yes No___ 3. Several times a month
4. Once during these months
[]2.No
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Symptoms

How often (check with a circle)

[ J1.Yes 1. Almost every day or every day
8) Fever )y y 2. Atleast once a week
Today? Yes___ No__ 3. Several times a month
4. Once during these months
[]2.No
[ J1.Yes 1. Almost every day or every day
9) Muscle weakness )y y 2. Atleast once a week
Today? Yes___ No__ 3. Several times a month
4. Once during these months
[]2.No
[ J1.Yes 1. Almost every day or every day
10) Inflammation of 2. Atleast once a week
hands or feet Today? Yes___ No__ 3. Several times a month
4. Once during these months
[]2.No
[ J1.Yes 1. Almost every day or every day
11) Nausea ) 2. Atleast once a week
Today? Yes___ No__ 3. Several times a month
4. Once during these months
[]2.No
[ J1.Yes 1. Almost every day or every day
12) Rapid breathing_or 2. Atleast once a week
difficulty breathing Today? Yes _ No___ 3. Several times a month
4. Once during these months
[]2.No
[ J1.Yes 1. Almost every day or every day
13) Dizziness ) 2. Atleast once a week
Today? Yes __ No__ 3. Several times a month
4. Once during these months
[]2.No
[ J1.Yes 1. Almost every day or every day
14) Fainting, passing 2. Atleast once a week
out Today? Yes  No___ 3. Several times a month
4. Once during these months
[]2.No
15) Diarrhoea [1.ves 1. Almost every day or every day
2. Atleast once a week
Today? Yes _ No____

214




Symptoms

How often (check with a circle)

3. Several times a month
12.No 4. Once during these months
[ J1.Yes 1. Almost every day or every day
16) Vomiting ) 2. Atleast once a week
Today? Yes No___ 3. Several times a month
4. Once during these months
[]2.No
ives 1. Almost every day or every day
17) Nose bleed Today? Yes No_ 2. Atleast once a week
3. Several times a month
4. Once during these months
[]2.No g
[ J1.Yes 1. Almost every day or every day
18) Stomach ache ) 2. Atleast once a week
Today? Yes No___ 3. Several times a month
4. Once during these months
[]2.No
[ J1.Yes 1. Almost every day or every day
19) Ear ache ) 2. Atleast once a week
Today? Yes No___ 3. Several times a month
4. Once during these months
[]2.No
[ J1.Yes 1. Almost every day or every day
20. Extremely tired
(much more than ) 2. Atleast once a week
normal tiredness) Today? Yes No___ | 3. Several times a month
4. Once during these months
[]2.No
[ J1.Yes 1. Almost every day or every day
21. Confusion ) 2. Atleast once a week
Today? Yes No___ 3. Several times a month
4. Once during these months
[]2.No
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MATRIX FOR LIQUID CONSUMPTION

USUAL 24 HOURS LIQUID INTAKE

Liquids Sugar | At home Litres or CC brought Litres or CC obtained or Litters or | Observations
consumed added | before from home to work supplied at work CcC
work Litres and consumed ingested
or CC brought | Consumed | Obtained/supplied | Consumed | after work

Water
Natural fruit None
drinks Little

A lot
Sodas
Energy drinks
Isotonic drink
or bolis
Coffee/ta None

Little

A lot
Milk None

Little

A lot
Other liquids:
Soup

Thank you!
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Appendix C: Draft of a generic cohort protocol
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Abstract

Introduction

A recently recognised form of chronic kidney disease of unknown origin (CKDu)
is afflicting communities in rural areas in several regions of the world.
Prevalence studies are currently being conducted in a number of countries,
using a standardised protocol, to estimate the distribution of glomerular filtration
rate (GFR), and thus to identify communities where there is a high prevalence
of reduced GFR. In many of these communities, cohort studies are now being
planned to investigate the natural history of, and risk factors for, decline in
kidney function over time. In this paper, we propose a standardised minimum

protocol for such cohort studies in high risk communities.

Methods and analysis

This generic cohort protocol provides the information to establish a prospective
community-based cohort study in low-income settings with high prevalence of
CKDu. This involves a baseline survey that included key elements from the
DEGREE survey methodology (e.g. using the previously published DEGREE
methodology) of a population-representative sample, and subsequent follow-up
visits in young adults (without known kidney disease (eGFR<60 mL/min/1.73
m?) at baseline) over several years. Each visit involves a core questionnaire,
and collection and storage of biological samples. Local capacity to measure
serum creatinine (Scr) will be required so that immediate feedback on kidney
function can be provided to participants. At the follow-up assessments repeat
renal biomarkers should be measured in a central laboratory, using traceable to

isotope dilution mass spectrometry (IDMS) traceable quality control to quantify
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the main outcome of decline in kidney function over-time. A secondary aim of
these studies is to investigate the possible risk factors for eGFR decline by
quantifying exposures to potential causes of CKDu (by questionnaire or

biosampling).

Ethics and dissemination

Ethical approval will be obtained by local researchers, and participants will
provide informed consent before the study commences. All participants will
receive feedback and advice on their laboratory results, and referral to a local

health system where appropriate.

Trial registration number: Not applicable

222



Strengths and limitations of this study

We propose a prospective community-based generic cohort protocol for
communities affected by CKDu in which the sampling frame consists of
the entire at-risk population.

Serial eGFR measurements in an apparently healthy population will allow
the description of the natural history of disease and reduce problems
associated with recall bias and reverse causation when assessing
potential risk factors.

Samples will be analysed in a single batch at local or international level
at the end of the study to minimize time-dependent measurement errors.
A biobank is expected to be created in each centre to store biological
samples for future analyses

The use of a standardised protocol will allow for regional and

international comparisons
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Introduction

A recently recognised form of chronic kidney disease of unknown origin (CKDu)
is afflicting rural communities in several regions of the world.("'% Several
definitions for CKDu exist; the criteria typically include demonstration of renal
damage using biomarkers in the absence of diabetes, severe hypertension or
evidence of alternative renal diagnoses.'"'¥) This disease has caused
thousands of deaths and reduced the life expectancy among young adults in
Mesoamerica, South Asia, and possibly in other tropical/subtropical regions of
the world.(”- 1519 The cause(s) of CKDu are not yet established, but proposed
causes include recurrent dehydration from heat stress, pesticides, infections,

and water contamination/heavy metals.(": 20-22)

Although a broad range of cross-sectional studies of the prevalence of CKDu
have been conducted in Mesoamerica, South Asia, and other regions of the
world,("- 9 17) these have generally not use standardised methodology, and
therefore do not allow for valid international comparisons. A recently published
standardised protocol (the Disadvantaged Populations eGFR Epidemiology
Study (DEGREE) protocol) for estimating the population distribution of
glomerular filtration rate (eGFR), has addressed this concern, and its use will
help to identify communities where there is a high prevalence of reduced eGFR.
The DEGREE protocol makes it possible to undertake comparisons
internationally, by mandating a population-representative sample and
standardised collection of information on sociodemographic factors,
occupational and environmental exposures, body composition and kidney

function.®® To date, studies using the DEGREE methodology have been
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conducted in four countries (Peru, Sri Lanka, India, Malawi), with a number of

further projects in preparation or in progress.('”)

A recent meta-analysis highlighted the lack of robust studies that have
considered the natural history of CKDu.?* We have therefore established a
community-based cohort study to investigate the natural history of, and risk
factors for, decline in kidney function over time.(?>) Based on our experience>
26) we propose a generic cohort protocol to estimate the decline in kidney
function over time and generate evidence of factors for loss of eGFR among at-
risk populations. Our focus is on conducting such cohort studies in communities
which are at high risk for CKDu that have been classified previously by cross-
sectional study in high, medium or low prevalence based on a single or two
GFR measurement. In general, such cohort studies would follow on from a
cross-sectional survey using the DEGREE protocol, and hence we will use the
term ‘CO-DEGREE’ (cohorts based on the DEGREE study) for such studies. In
some situations, a DEGREE survey may form the ‘baseline’, with a subgroup of
DEGREE survey participants then being selected for follow-up based on a
single measurement of eGFR >60 mL/min/1.73 m? and without clinical
diagnosis or history of hypertension, diabetes mellitus or obesity. However, the
standardised protocol we propose here can also be used as a ‘stand-alone’

study design, without requiring that a DEGREE survey is conducted first.
We are already conducting such a cohort study in Nicaragua,®> 2®) and have
had many challenges to address, including: (i) community engagement,

awareness of conditions, political unrest and ethics; (ii) follow-up over time

225



(frequency and minimising loss to follow-up); (iii) fieldwork and laboratory
standards to ensure decline is detected; and (iv) regular feedback information
on study progress. We will draw on our experience in Nicaragua in presenting
both the generic CO-DEGREE protocol, as well as observations on the practical

issues involved in conducting such studies in a particular community.

Objectives
Studies using this generic cohort protocol, and contributing to the wider
DEGREE collaboration, will aim to:
1. investigate the natural history of kidney function decline over time among
populations at risk of CKDu
2. identify risk factors for kidney function decline in these populations, to
better inform further in-depth aetiological studies and direct future
preventative strategies
3. compare the natural history, and risk factors for kidney function decline,
in different communities and regions at risk of CKDu
4. establish a framework for international collaboration and promote a

network for future work on the causality of CKDu

Rationale for a community cohort study of decline in eGFR

A representative sample of those at-risk

Community-based cohort studies have several advantages:®?”) Firstly this type
of study allows the recruitment of a representative sample of the at-risk
population, e.g. it will include workers from a variety of occupations (including

not economically active) at the community level. Assuming that the study
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sample is randomly selected from the entire at-risk population, and there are no
substantial problems with non-response, these studies are unlikely to be
affected by significant selection bias. This is in contrast to occupationally-based
studies where the healthy worker effect can be a major problem, particularly if
workers are screened for kidney disease prior to starting employment because
it unlikely to observe the effect in this group due to a small number/null of cases
during the study period.?®) One general disadvantage of community-based
studies is that this approach typically requires large sample sizes and long-term
follow-up if disease is not highly prevalent. However, the focus of CO-DEGREE
is on conducting studies in communities with a high prevalence of CKDu (see

below).(?8. 27)

Handling reverse causation and recall bias

Reverse causality in cross-sectional studies arises when participants at risk
modify their lifestyle, behavioural or working exposures due to the outcome of
interest (e.g. renal dysfunction). For example, someone with impaired kidney
function may leave employment (or may be screened and then denied
continued employment), in which case their exposures (e.g. to heat stress or
pesticides) will change. This problem can be avoided, or minimised, in a cohort
study by excluding people with pre-existing disease, and then following the
remaining ‘healthy’ participants over time. Similarly, cross-sectional studies may

be prone to recall bias regarding previous exposures.
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Measuring kidney function

Quantification of kidney function is most easily undertaken by determining the
serum creatinine (Scr) concentration, which is relatively easy and cheap to
measure, and then calculating the eGFR. A case of CKDu is typically defined
by an eGFR <60 mL/min/1.73 m? (sustained for at least 3 months where
chronicity is confirmed) in the absence of known causes of kidney disease.
However, this dichotomous definition of CKDu has weaknesses in studies
exploring the causation of CKDu, as it is well established that substantial
damage may have already occurred at the histological level before serum
biomarkers of renal dysfunction become definitively abnormal (and other
markers such as proteinuria are often absent in this disease). Furthermore, Scr
levels are modified by multiple non-renal factors such as: high animal protein-
intake, strenuous exercise, changes in plasma volume, body mass index (BMI),
sex, age, ethnicity, and some drugs;?® thus, cross-sectional studies examining
associations with reduced eGFR based on a single Scr measurement may be
prone to a significant degree of misclassification. In addition, the CKD-EPI or
MDRD equation used to calculate eGFR from serum creatinine,?® have not
been validated in many populations reported to be suffering CKDu,G%

potentially further increasing misclassification bias in cross-sectional studies.

Alternative approaches based on serial eGFR measurements in the same
person over time render between-person variation less problematic. If estimated
across a period of time using multiple measures, this will also reduce the
influence of the within-person factors that are not directly related to kidney

damage. The successful measurements of eGFR over time can admit a dropout
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less than 30% of the original sample size. In summary, an approach utilising
serial eGFR measures substantially increases the potential utility to identify
risk/causal factors for CKDu as well as allowing the description of the natural

history of disease.

Core protocol

Study design

This is a prospective cohort study protocol for studying decline in kidney
function over time in populations with high reported prevalence of CKDu,
primarily in low- and middle- income countries (LMICs). We consider the
following study design issues: (i) population sampling strategy, and follow-up
interval (ii) questionnaire development and delivery, (iii) clinical measurements
and biosampling, and (iv) data management and reporting.?®) (See figure 1) In
addition, we discuss: (a) sample size and follow-up duration; and (b) ethical

considerations.

Population, sampling strategy and follow-up interval

In Mesoamerica, CKDu typically affects young men on the Pacific Coast. This
population is dying often younger or in their 40s from end stage renal
disease.('> 31) The disease appears to occur at a later age in South Asia, with
few cases occurring in men in their 20s.("- 32 Nevertheless, one might expect
preliminary changes in GFR to occur early in adulthood. In general, the study
population should include participants who are old enough to experience an
identifiable decline in kidney function, but not older age-groups (> 50 year-old)

where the prevalence of CKD is already high in almost all populations globally
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(e.g. greater than 10%). Thus, inclusion criteria should be tailored to the local
disease profile, but the default approach should be to recruit participants aged
18-40 years-old (though 18-30 might be more appropriate in Central America,
and 18-50 may be more appropriate in areas such as Sri Lanka where age of
onset appears older). A community-census should be conducted to identify all
potential participants in the appropriate age range and either the entire
population recruited, or a random sample selected. In either case, response

rates by age and sex, should be reported.

The focus is on studying participants who are ‘at risk’ of CKDu, i.e. they do not
already have CKD or factors which would exclude a CKDu diagnosis (e.g.
diabetes mellitus, hypertension) and pregnancy. Thus, the sample size
estimates (see below) are based on following a cohort in which those where a
pre-existing diagnosis of CKD, diabetes or hypertension have been excluded.®
For practical, ethical or scientific reasons, one may wish to study an entire
community (including those with pre-existing clinical diagnosis of CKD, diabetes
mellitus (fasting serum glucose: >105 mg/dL) and hypertension (blood pressure
>140/90 mmHg)), but in that case it is important to ensure that there are
sufficient ‘disease free’ participants to meet the sample size requirements.
Although the disease is generally more common in men, women with CKDu are
of strong scientific interest in that they may suggest alternative risk factors, or
help to rule out some that have been previously proposed. Hence recruitment

should in general involve equal numbers of males and females.
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The baseline study visit will require the administration of the core-questionnaire,
clinical measurements and biological samples. Subsequent to the baseline
visit, follow-up visits should be conducted at least annually for a minimum
follow-up of two-years to evaluate the study outcome and keep close contact
with the participants and update their contact information. This will help
minimize the loss to follow-up at each study point. Substantial seasonal
variation in eGFR has been reported in a number of settings (both CKDu related
and unrelated). Therefore, the conduct of additional study visits at a 6-monthly
interval (at beginning and end of summer season) might be useful in explaining
within-person eGFR variation as well as providing important information for the
wider population on the significance of kidney function testing at different time
point in the year (perhaps for a subset of participants or a proportion of the

follow-up period).

Questionnaires

The purpose of the baseline core-questionnaire is to obtain a minimum dataset
to explore associations with decline kidney function and make comparisons
within and between persons. The baseline core-questionnaire (supplementary
file 1) is based on the questionnaire used in our study in Nicaragua, and has
been further developed by combining questionnaires that have been used in
DEGREE-related studies in a number of settings. The baseline core-
questionnaire represents a minimum data set, and local research teams may
decide to add data items of specific interest to the core dataset. The as well

have the responsibility to translate, validate, and to make any local contextual
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changes. Additional modules are under development by the DEGREE study

collaboration (e.g. an environmental exposure questionnaire).

Researchers will return annually for in-person follow-up visits. All participants
have to respond a follow-up questionnaire (supplementary file 2) and update

their contact information.

Clinical measurements

Blood pressure should be measured after 5 minutes rest in the sitting position
using an automated sphygmomanometer and the average of three readings
recorded. Subjects height and weight (in centimetres and kilograms) should be

measured (without shoes) using a stadiometer and digital calibrated scales.

Biosamples
Blood and urine samples will be collected at each study visit and stored in the
field into dry ice or liquid nitrogen after collection or in a worse scenario store in

coolers with icebox (4°C) no more than 3 hours.

Dipstick urinalysis should be performed by using electronic readers (urine
chemistry analyzer) where possible to use it or if not possible at least 10% of
urine dipstick analysed by a lab technician should be re-analysed by other
reader. The minimum of parameters that should be reported are: specific

urinary gravity, pH, protein, blood, leucocytes, and glucose.

Samples for serum analysis should be centrifuged at 3500 rpm for 10 minutes

within 3 hours of collection, and subsequently separated into four aliquots of 1-2
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mL each one and stored at -80°C (or -20°C if not possible). One aliquot should
be used for contemporary local serum creatinine measurements e.g. by using
the modified Jaffe assay (traceable to isotope dilution mass spectrometry
[IDMS] reference standards if possible). At baseline and during each study visit
a cross-checking of local lab quality control is highly recommended to ensure
that Scr determinations are comparable. Also, lab results will guide clinical care

for participants during the follow-up period.

A further aliquot should be stored for batch measurement of serum creatinine at
the end of follow-up using a method traceable to an IDMS reference material.
The CO-DEGREE group suggest the storage of at least three 1-2mL aliquots of
serum and a similar amount of urine in addition to those described above.
Additional samples and analyses should be pursued depending on the priorities
of the local research team. All samples for future analysis should be stored at -
20°C or ideally at -80°C in a local or international biobank. This biobank needs
to secure an uninterruptible power supply to protect the samples because loss

of electricity for even a few days will ruin the samples.

Investigators should assess and obtain consent from participants for future use
of samples for further analyses both locally and internationally (e.g. through the

DEGREE collaboration) as well as ensure that storage capacity is available.

Data management and reporting

Questionnaires and samples will be labelled using a unique bar-code to keep

the participants confidentiality. Electronic data capture systems such as Open
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Data Kit Software®® may be the most resource efficient method to capture
questionnaire data but where hard-copies are used double data-entry should be
undertaken to minimise the transcription errors.

The CO-DEGREE protocols are openly available to interested research teams.
Each centre will be owner of their data and expected to publish the results of
their study independently. However, where a study is registered as part of the
DEGREE collaboration the group will request a digital copy of anonymized
individual-level data, with a guideline for basic contextual information of local
setting and a description of the population characteristics should be elaborated,

for the DEGREE data centre to conduct international comparisons.

Sample size and follow-up duration

The overall scale of the cohort will be largely dependent on the proportion of the
‘healthy’ population which is expected to experience a ‘substantial’ decline in
eGFR over time in the community as a result of CKDu. As discussed above,
demonstrating that reduced renal function without diabetes, hypertension or
known kidney diseases is prevalent on a cross-sectional basis is a necessary
first step before pursuing this work. If for example this study protocol was to be
conducted in a general population sample in Europe or the USA with similar
exclusion criteria, then CKDu would be virtually non-existent, and there would
also be very little or no decline of kidney function. In contrast, in our Nicaragua
study of apparently healthy adults aged 18-30 years,®> 26) there was a clearly
distinct subgroup which experienced a marked decline in kidney function over

time, whereas the eGFR in the other study participants was relatively stable.
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Given this distribution of eGFR trajectories in the population we would expect

the analysis to be conducted using a prospective case-control approach.

Therefore, the sample size requirements to detect an association with an
exposure at any given power will be determined by the following factors:

1. Proportion of the population that experience ‘substantial’ decline

In turn the power to detect ‘substantial’ decline will depend
on:

a) The rate of eGFR decline in those affected

b) The duration of follow-up

c) The number of eGFR measures
2. Proportion of general population exposed to any exposure of interest
3. Effect size of any exposure

4. The study retention rate

Taking a simplistic approach, the duration of the study should be designed so
that those affected have sustained a clinically important loss of kidney function,
e.g. in our Nicaragua study this was 30% over two-years.®* Therefore, if CKDu
in the study population is predicted, from a normal baseline, to lead to a loss of
eGFR of a magnitude of 5% each year (~7mL/min/1.73 m?/year) the study
duration should be 4 years. If alternatively, loss is predicted to 10% each year
study duration could be as short as 2 years. Additional eGFR measures, over
and above the suggested annual frequency will reduce error associated with
determining trajectory (and might be performed for the reasons discussed

above) but either way a minimum follow-up of 2 years is recommended.
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After basing the study duration on the expected rate of eGFR decline among
those affected, the sample size can then be calculated on the basis of the
expected frequency of ‘substantial’ decline amongst the population and the
effect size of any proposed exposure that it is desirable to detect. A number of
scenarios are outlined in Table 2. A further (10-20%, depending on local
circumstances) increase in target recruitment is advised to allow for loss to

follow-up.

Finally, these initial sample size estimates will need further adjustment for
exclusions following the detection of previously unknown CKD (based on
eGFR/albuminuria tests), or newly detected diabetes or hypertension at
baseline (unless these data are available from a previously conducted cross-
sectional study). It is worth considering whether people who may have CKDu
(eGFR <60 mL/min/1.73 m?) will be aware of it, as this will affect how many
people need to be tested prior to recruitment into the cohort. If there is
screening for kidney problems (as for example in Nicaraguan Sugarcane mills),
then potential cohort participants may be aware of their kidney function status
and can be excluded from the cohort prior to the baseline visit. This occurred for
example for 5% of the target population in the community studied in Nicaragua.
Nevertheless, there was an additional 10% who had undiagnosed impaired
kidney function at baseline assessment based on their laboratory records,
highlighting the importance of choosing an age-group where CKDu is not
already highly prevalent so as to easily satisfy a key inclusion criterion (absence

of CKD at baseline).
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Ethics/regulatory issues and dissemination

Local research teams will ensure these studies are conducted in accordance
with the Declaration of Helsinki Principles and be responsible for assuring that
the work is approved by the local institutional review board (IRBs). Written
informed consent will be obtained from all participants before taking part in the
study. Information should be transparent in terms of using the data and stored
biosamples stored for future research. A key aspect of the ethical review of any
protocol is ensuring the adequate provision of feedback and advice to
participants when abnormal results become available. Furthermore,
mechanisms will need to be developed in partnership with local health
providers/healthcare systems to handle participants needing referral for medical
care. Findings from these studies should be disseminated widely by publication
in peer-reviewed journals and presentations/representations to relevant local

stake holders.

Experience with the CO-DEGREE protocol in Nicaragua

The protocol presented here is, by necessity, very generic. The approaches and
challenges of implementing the protocol will vary widely in different communities
and regions of the world. However, since we have already implemented this
protocol in a study in Nicaragua,?> 26) we will make some observations on the

practicalities, and challenges, or implementing the protocol in this context.
The Nicaragua study involved community-based follow-up in Leon and
Chinandega departments. 9 A number of strategies were used to maximise

response and retention rates. As the workday starts very early in the morning
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and finishes late in the afternoon attempts were made to conduct data collection
during economically less active (e.g. each side of the main harvest) periods of
the year, so as to still capture participants who were employed at the time.
Additionally, participants receive their kidney test results within a fortnight of the
study visits, and receive reimbursement of expenses and any lost income they
have incurred to attend the study visit. Although study visits have been
timetabled to occur outside of the harvest season, employees still express the
concern that their employment opportunities might be affected by taking part in
the study. In an attempt to mitigate against these types of consequences, the
study team have corresponded with local employers explaining the content and
extent of this study in order to reduce any concerns about workers’ participation.
In addition, the study team takes particular precautions to maintain participant’s

confidentiality during the study and beyond.

Conducting a follow up study in a rural area remains a major challenge.
Alongside the logistical challenges of reaching geographically isolated
neighbourhoods along poor quality roads, a significant obstacle has been
internal and external migration due to lack of employment source or social
unrest. Rural communities have a tradition of working with seasonal crops and
sugarcane workers often leave their communities at the end of each harvest
season, to go abroad or to other regions within the country in search of
temporary employment. At the end of each harvest, up to 30% of the study
population left their communities in search of alternative employment during the

non-harvest period in our study. Despite these problems our team achieved
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92% for follow-up at two years.®> 26) put this has required the investment of

significant time and resources.

Finally, continuing community engagement and the maintenance of good
relationships between researchers, community leaders, participants and
communication with local health care system have been key. E.g., It is very
important to develop a reference flowchart and communication with local health
posts/primary hospital or hospital for persons with health problems detected

during the study.

Discussion

The CO-DEGREE protocol was developed in response to the highly prevalent
form of CKD of unknown cause that is affecting Mesoamerica and other
countries around the globe. To date, the existing epidemiological studies of
CKDu have provided an incomplete understanding of the natural history of and
risk factors for disease. This CO-DEGREE protocol aims to provide a

framework to address this.

This CO-DEGREE protocol is designed to capture the entire at-risk population
by aiming to recruit men and women, and those that work across a variety of
different occupations. The main outcome measure of within-person loss of
eGFR over time means it is not only possible to describe the natural history of
disease but also to capture the earliest disease stages of disease, making
associations with possible exposures less prone to reverse causation and recall

bias.

239



We do not underestimate the challenges posed by the lack of standardized
exposure questionnaires in this area. This protocol uses a questionnaire that
combines questions from a number of sites (Nicaragua, and various DEGREE
sites) aimed at capturing a variety of exposures, including sociodemographic
data, occupational and environmental exposures, lifestyle factors, heat-related
symptoms, etc. both in agricultural and non-agricultural settings. However, in
the absence of globally generalisable instruments, short or long-term
environmental measurements and/or novel biomarkers that capture exposure to
heat, agrichemicals, and/or infection in either the community or workplace are
likely to be valuable additions to this type of study but are beyond the scope of

this basic protocol.

Finally, it should be emphasized that this protocol is not suitable for studying
progression of CKD in general, due to the specific constraints introduced by
excluding those with hypertension, diabetes and CKD (i.e. those with proteinuria
and/or with reduced eGFR) at baseline. In settings where there is no a high
prevalence of CKDu, a cohort comprised of people without traditional risk
factors for CKD or with CKD would be unlikely to identify any detectable kidney
function loss over time in the target population. For studies outside the CKDu
arena, investigators are advised to use alternative methodologies using

established protocols, for example, the CRIC study.(3®)
In conclusion, we have designed a CO-DEGREE protocol that can be used in
the different settings around the globe to investigate the natural history of CKDu

and associated risk factors for decline in kidney function. These studies should
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provide important information on the rate of decline of kidney function across

different affected areas as well as key insight into the cause(s) of disease.
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Ethical and regulatory
issues

Population and
sampling strategy

Baseline visit

Testing, biobanking and
feedback

Follow-up visit
(annually or more
frequently)

Testing, local
biobanking and
feedback

Data management and
reporting

Centralised biobank for
future analysis

Figure 1: Flow chart and study procedures of CO-DEGREE protocol.

« Ethical approval for the local IRB.

« Establish a collaboration and friendship with the
local health providers or healthcare system

* Community census will be performed among
young population

* Apply the exclusion criteria

« Eligible will be invited to be part of the study

« All participants to provide the informed consent
enrolment

« Contact information should be recorded.

*Data collection: anthropometric measurements,
core-questionnaire and biological samples (urine
and blood)

* Aliquots urine and blood samples at each study
visit
« Store aliquots at -20°C

*Local serum creatinine and/or cystatin ¢
measurements

*Local resercher will provide feedback to each
participats

« Annual visit: similar to baseline visit
»Update participants personnel information
« Follow-up questionnaire

«Identical to above

* Coding questionnaires and samples
«Data entry

« Analysis

« Data sharing

« Creatinine and cystatin c measurements
* Genetics analysis

* Metabolomics determinations

« Environmental toxins
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Table 1. Details and procedures of the baseline study visit and subsequence

follow-up
Follow-up period
jabl
Baseline (variable)
ltems visit
(0 month) 12 24 36 48 At
months months months months  completion
Community X i i i i i
census
Participants
X - - - - -

enrolment
Informed consent X
Update personnel
contact X X X X X
information
Anthropometric X X X X X
measurements
Biological X X X X X
samples
Baseline core- X ) ) ) )
questionnaire
FoIIov_v-up . X X X X
questionnaire
Local serum
creatinine X X X X X
measurement
Results feedback X X X X X
Biobank X X X X X
Batch testing of X

serum creatinine
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Table 2: Sample Size Calculations

Parameters Scenario | Scenario | Scenario | Scenario | Scenario | Scenario | Scenario | Scenario
1 2 3 4 5 6 7 8
Population frequency 0.04 0.06 0.08 0.10 0.04 0.06 0.08 0.10
of eGFR decline
Proportion population 0.5
exposed
Odds ratio associated
with exposure
P 0.027 0.04 0.053 0.066 0.02 0.03 0.04 0.05
(oucomejunexposed)
P (oucomel|exposed) 0.054 0.08 0.106 0.132 0.06 0.09 0.12 0.15
Group size 993 686 405 436 463 317 243 200
Sample size 1986 1372 810 872 926 634 486 400

Abbreviations, eGFR, estimated glomerular filtration rate; P: probability. Assumes 1-f=0.80;
=0.05; Calculations based on equal proportion of the population exposed/unexposed for
simplicity. No adjustments made for loss to follow-up or multiple testing.
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Renal Morphology, Clinical Findings, and Progression Rate in
Mesoamerican Nephropathy

Julia Wijkstrém, MD,” Marvin Gonzalez-Quiroz, MD, MSc,”*> Mario Hernandez, MD,*
Zulma Trujillo, MD,” Kjell Hultenby, PhD,? Anneli Ring, BS,”
Magnus Séderberg, MD, PhD,”? Aurora Aragén, MD, PhD,”
Carl-Gustaf Elinder, MD, PhD," and Annika Wemerson, MD, PhD"”

Background: Mesoamerican nephropathy (MeN) is a chronic kidney disease affecting rural inhabitants in
Central America. We have previously described the renal morphology in 8 patients from El Salvador. To
confirm the renal pathology, we have studied kidney biopsies from patients with MeN in Nicaragua. Follow-up
urine and blood samples from both biopsy studies were collected to investigate the natural history.

Study Design: Case series.

Settings & Participants: In the kidney biopsy study, 19 male sugarcane workers in Nicaragua with sus-
pected MeN were investigated with questionnaires, kidney biopsies, and blood and urine analysis. Inclusion
criteria were age 20 to 65 years and plasma creatinine level of 1.13 to 2.49 mg/dL or estimated glomerular
filtration rate (eGFR) of 30 to 80 mL/min/1.73 m?. Exclusion criteria were proteinuria with protein excretion
> 3 g/24 h, uncontrolled hypertension, diabetes mellitus, or other known kidney disease. In the follow up-
study, blood and urine from the kidney biopsy study in Nicaragua (n = 18) and our previous biopsy study of
MeN cases in El Salvador (n = 7) were collected 1 to 1.5 and 2 to 2.5 years after biopsy, respectively.

Outcomes: Renal morphology, clinical, and biochemical characteristics, change in eGFR per year.

Measurements: eGFR was calculated using the CKD-EPI creatinine (eGFR,,), cystatin C (eGFRys), and
creatinine-cystatin C (eGFR..cys) equations.

Results: In the kidney biopsy study, participants had a mean eGFR,; of 57 (range, 33-96) mL/min/1.73 m2
47% had low plasma sodium and 21% had low plasma potassium levels. 16 kidney biopsies were repre-
sentative and showed glomerulosclerosis (mean, 38%), glomerular hypertrophy, and signs of chronic
glomerular ischemia. Mild to moderate tubulointerstitial damage and mostly mild vascular changes were seen.
In the follow up-study, median duration of follow-up was 13 (range, 13-27) months. Mean change in eGFR,,
was —4.4 + 8.4 (range, —27.7 to 10.2) mL/min/1.73 m? per year. Most patients had stopped working with
sugarcane cultivation.

Limitations: 3 biopsy specimens had 4 or fewer glomeruli.

Conclusions: This study confirms the renal morphology of MeN: chronic glomerular and tubulointerstitial
damage with glomerulosclerosis and chronic glomerular ischemia. Follow-up data show that eGFRs, on
average, deteriorated.

Am J Kidney Dis. 69(5).626-636. © 2016 The Authors. Published by Elsevier Inc. on behalf of the National
Kidney Foundation, Inc. This is an open access article under the CC BY-NC-ND license (htip://
creativecommons.org/licenses/by-nc-nd/4.0/).

INDEX WORDS: Mesoamerican nephropathy (MeN); chronic kidney disease (CKD); renal pathology; renal
morphology; kidney biopsy; Central America; heat stress; dehydration; sugarcane; environmental exposure;
CKD of unknown etiology (CKDu); endemic nephropathy; disease progression; Nicaragua; El Salvador.
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esoamerican nephropathy (MeN), an endemic

form of chronic kidney disease (CKD), affects

rural inhabitants in Central America.'” Cross-
sectional studies in Nicaragua and El Salvador have

shown a high prevalence of CKD in villages near the
Pacific coast, where agricultural work and other types
of manual labor are the main source of employ-
ment.”” Men working in sugarcane fields are often
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affected and the disease may progress to chronic
kidney failure, a devastating diagnosis in most
Central American countries, where the resources for
renal replacement therapy are limited. The cause
and pathogenesis of MeN are still not fully known,
but the extreme occupational conditions of the
sugarcane workers have made repeated dehydration
the leading hypothesis.””’

Patients with MeN present with elevated creatinine
levels, no hypertension, and urine albumin levels are
normal or of non-nephrotic range. In 2012, we per-
formed the first study on kidney biopsies and clinical
presentations of 8 agricultural workers in El Salvador
with MeN.® We found a distinctive renal morphology
with widespread glomerulosclerosis and signs of
chronic glomerular ischemia, but only mild to mod-
erate tubulointerstitial changes. To confirm these
findings in a larger cohort and in another area, we
have designed the present study in Nicaragua. To
examine the progression rate and possible prognostic
factors in MeN, we have collected follow-up blood
and urine samples from patients in the present biopsy
study and also from our previous biopsy study in El
Salvador.”

METHODS

Nicaragua Kidney Biopsy Study

Men with CKD of unknown cause and a history of sugarcane
work who had been to a medical visit at the Research Center of
Health, Work and Environment, National Autonomous University
of Nicaragua at Leén during a 12-month period were selected as
possible participants. Inclusion criteria were age 20 to 65 years and
plasma creatinine level of 100 to 220 pmol/L (1.13-2.49 mg/dL) or
estimated glomerular filtration rate (éGFR) of 30 to 80 mL/min/
1.73 m”. Exclusion criteria were proteinuria with protein excretion
> 3 g/24 h, uncontrolled hypertension (blood pressure > 140/
90 mm Hg or >1 antihypertensive drug), diabetes mellitus (blood
glucose > 126 mg/dL), or other known kidney disease.

The study was performed in May 2014 (ie, after sugarcane
harvest season). Kidney biopsies and blood, urine, and clinical
data were collected. Ultrasound examinations of kidneys were
carried out before the biopsy. Participants answered questionnaires
(both open- and closed-ended questions) about employment (years
in different occupations); exposure to chemicals or pesticides (yes/
no); fluid intake (volume and type of fluid consumed); current
medicine use and estimation of weekly intake of nonsteroidal anti-
inflammatory drugs (NSAIDs), acetaminophen, and other analge-
sics during different periods in their lifetime; smoking habits (past
or current smoking); and if they had ever fainted at work (yes/no).

Blood and Urine Samples

Within 1 week prior to the kidney biopsy procedure, blood and
urine samples were collected and analyzed at the laboratory of the
faculty of medicine at National Autonomous University of
Nicaragua at Ledon for hepatitis B and C virus, hematocrit, white
blood cell count, international normalized ratio, activated partial
thromboplastin time, and urine dipstick, sediment, culture, and
24-hour protein.

At the morning of the biopsy, new blood and urine samples were
collected and stored at —20°C for 1 to 4 days, then shipped on dry
ice to Karolinska Institutet and stored at —70°C. At Karolinska

Am J Kidney Dis. 2017;69(5).626-636
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University Hospital Laboratory (KUHL), plasma was analyzed for
creatinine, cystatin C, potassium, sodium, uric acid, calcium,
albumin, alanine aminotransferase, antineutrophil cytoplasmic
antibody and antinuclear antibody screening, anti—glomerular
basement membrane (GBM) antibodies, and complement. Urine
was analyzed for albumin, creatinine, uric acid, sodium, potassium,
N-acetyl-B-p-glucosaminidase (NAG), and ¢/;-microglobulin. All
analyses were performed according to standard protocols. The
creatinine and cystatin C assays used were isotope-dilution mass
spectrometry (IDMS) traceable. Urine arsenic, cadmium, mercury,
and lead were analyzed with inductively coupled plasma mass
spectrometry according to US Environmental Protection Agency
methods 200.8° at ALS Scandinavia AB Laboratory, Luled,
Sweden. When calculating mean values, urinary values below the
lower limits of detection were imputed as one-half the lower limit of
detection value; albumin < 3.0 mg/L was converted to 1.5 mg/L;
NAG < 0.5 nkat/L, to 0.25 nkat/L; ¢;-microglobulin < 6 mg/L, to
3 mg/L; cadmium < 0.05 pg/L, to 0.025 pg/L; mercury < 0.2 pg/L,
to 0.1 pg/L, and lead < 0.5 pg/L, to 0.25 pg/L. eGFR was calcu-
lated using the CKD-EPI (CKD Epidemiology Collaboration)
equations for creatinine (éGFR;), cystatin C (€GFR.y), and crea-
tinine—cystatin C (eGFRmys).m‘l ! Reference values are presented
in the tables and were according to KUHL, except for plasma
potassium and uric acid (from the Nicaragua laboratory). For urine
heavy metal reference range, see references 12 and 13.

Kidney Biopsies

Percutaneous ultrasound-guided kidney biopsies were per-
formed at Hospital La Fraternidad, filial San José, using a spring-
loaded needle (16 Ga Biocore Il MG/DANA 2.2 MG; Histo). After
the biopsy, patients stayed for 24-hour observation. Biopsy spec-
imens were divided and prepared according to standard protocols
for light microscopy, immunofluorescence, and electron micro-
scopy (for details see Item S1, available as online supplementary
material). De Galantha staining was performed on paraffin-
embedded tissue to detect urate crystals. 4

Two senior consultants in renal pathology (A.W. and M.S.) did
individual evaluations of the renal morphology followed by a
discussion to reach consensus.

Biopsy specimens with 10 or more glomeruli were rated as
representative; 7 to 9 glomeruli, as marginally representative; and
fewer than 7 glomeruli, as not representative. Grading of tubular
atrophy, interstitial inflammation, and interstitial fibrosis in the
cortical area were defined as follows: mild, affecting <25% of the
area; moderate, affecting 26% to 50%; and severe, affecting
>50%."> Glomerular hypertrophy and vascular pathology were
graded semiquantitatively as no/normal, mild, moderate, or severe.

Podocyte foot-process effacement was semiquantified by
calculating the number of slits per micron of GBM in 5 random
capillaries per glomerulus. Effacement was defined as
widespread, =80% of measured areas with <1.0 slit/pim GBM, or
segmental, 21% to 79% of evaluated areas with <1.0 slit/pm
GBM.

Follow-up of El Salvador Biopsy Study

Seven of 8 patients from our previous kidney biopsy study in El
Salvador® were followed up with blood and urine sampling 19 to
26 months after kidney biopsy. Samples were collected in May
through July (ie, after harvest season). Four samples were trans-
ported to KUHL and analyzed for plasma creatinine (IDMS
traceable), sodium, and potassium. Three samples were analyzed
at Hospital Rosales, San Salvador, with a creatinine assay not
traceable to IDMS. eGFR. was calculated. When calculating
change in eGFR, baseline samples from the same laboratory were
used. One patient had initiated hemodialysis therapy; creatinine
analyzed before dialysis therapy initiation was used as follow-up.
One patient was lost to follow-up.
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Follow-up of Nicaragua Kidney Biopsy Study

Of 19 patients, 18 were followed up with blood and urine
sampling 13 to 17 months after the biopsy. Samples were collected
in June or October (ie, outside of harvest season). Samples were
analyzed at KUHL for plasma creatinine (IDMS traceable), so-
dium, potassium, uric acid, and cystatin C (IDMS traceable) and
urine albumin, creatinine, and ¢;-microglobulin. éGFR,, eGFR..ys,
and eGFR.cys were calculated. One patient (patient 14) was lost
to follow-up.

Ethics Statement

Ethics committees in Stockholm, Sweden (2012/441-31/3;
2013/1225-32; 2015/849-32), at the National Autonomous Uni-
versity of Nicaragua at Leén (ACTA No 83, 2013; ACTA No 31,
2015), and at the Hospital Nacional Rosales, San Salvador, El
Salvador (ACTA No 03, 2012; ACTA exp No 11, 2016) approved
the study. All participants have given informed consent.

Statistical Analysis

In the follow-up study, simple linear regression was calculated
to predict change in eGFR,, per year based on biochemical data at
baseline. Morphology associations were calculated using unpaired
t test comparing mean change in eGFR;, per year between groups
with different morphology; patients with not representative bi-
opsies (Nicaragua patients 4 and 11) were excluded.

RESULTS

Nicaragua Kidney Biopsy Study

There were 100 possible participants identified, 50
of whom matched the inclusion/exclusion criteria and
were invited to participate. Twenty patients did not
answer and 11 declined. Thus, 19 patients agreed and
were included in the study. All participating patients
had normal blood pressure 1 week prior to the biopsy.

Questionnaires

Exposure and clinical data are presented in Table 1.
All patients had previously been working with sug-
arcane cultivation for 2.5 to 38 years. Work tasks
were mainly cane cutting, irrigation, and seeding.
Regular NSAID and acetaminophen use (defined as
weekly use for =2 years) was reported from 32% and
53% of patients, respectively. There were 47% who
reported no regular use of analgesic. Mean self-
reported liquid intake for a workday was 9.0 (range,
3.4-15.1) L, and mean current daily liquid intake was
5.3 (range, 1-10) L. Water was the main liquid
consumed (77% workdays, 72% of current liquids).
Soda and fruit juice were 11% of the intake for
workdays and 25% of the current intake. All but 2
patients used electrolyte solutions during the workday
(mean, 11% of liquids consumed).

Blood Tests

Results of most analyses are presented in Table 2.
Alanine aminotransferase level was elevated in 1
patient. Serum osmolality was elevated in 3 patients,
at 304, 304, and 316 mOsm/L. Renin level was
elevated in § patients; in these patients, mean sodium
level was 136 (range, 135-137) mEq/L, 3 had
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Table 1. Nicaragua Biopsy Study: Clinical Characteristics and
Questionnaire Data at Time of Kidney Biopsy

Characteristic Value
Age, y 33 + 8 (24-54)
BMI, kg/m? 25 + 4 (19-37)

Systolic BP, mm Hg

Diastolic BP, mm Hg

Kidney length, mm

Duration of sugarcane work,” y
Duration as sugarcane cutter, y
Duration of agricultural work,” y

121 + 8 (105-133)
75 + 7 (56-88)
91 + 8 (74-104)
12 + 8 (2.5-38)

7+7 (0-26)

15 + 10 (3-40)

Antihypertensive medicine 0 (0)
Antibiotics past 6 mo 0 (0)
Regular long-time NSAID use® 6 (32)
Current NSAID use 4 (21)
Current acetaminophen use 7 (37)

Herbal medicine use 1(5)

Ever fainted at work 7 (37)
Exposure to chemicals/pesticides 7 (37)
Current smoking 0(0)

Past smoking 6 (32)
Alcohol consumption 4 (21)

Note: n = 19. Values for categorical variables are given as
count(percentage); for continuous variables, as mean + standard
deviation (range).

Abbreviations: BMI, body mass index; BP, blood pressure;
NSAID, nonsteroidal anti-inflammatory drug.

2Defined as work at sugarcane plantation.

PAgricultural work including sugarcane work and other
agricultural work.

Use of 1 to 2 or more tablets per week during 2 years or
longer.

hypokalemia, and all 8 had aldosterone levels within
the reference range. In patient 1, aldosterone and
aldosterone/renin levels were elevated, at 1,080 pmol/
L and 60 pmol/mIU, respectively. All patients had
plasma glucose, calcium, and phosphate levels within
the reference ranges and had negative screening re-
sults for hepatitis B and C virus and human immu-
nodeficiency virus (HIV). No antineutrophil
cytoplasmic or anti-GBM antibodies were found.
Complement levels showed no signs of activation.
Antinuclear antibody screening with immunofluores-
cence was positive in patient 13; subsequent analysis
for double-stranded DNA antibodies, centromere an-
tibodies, and extractable nuclear antigens gave nega-
tive results.

Urine Tests

Results regarding urinary biomarkers and heavy
metals are presented in Table 3. Two of the 4 patients
with hypokalemia had urine potassium excretion
> 40 mEq/L and all 4 hypokalemic patients had urine
potassium-creatinine ratios > 1.5 mEq/mmol, indi-
cating renal potassium losses.'® In the 9 patients with
low plasma sodium levels, mean urine sodium
excretion was 88.6 + 51.6 (range, 21-172) mEq/L.
Dipstick showed no hematuria, leukocytes, or

Am J Kidney Dis. 2017,69(5):626-636
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Table 3. Nicaragua Biopsy Study: Urine Test Results at

Time of Biopsy
Variable Mean + SD (Range)

€GFR/.cys, mUmin/1.73 m? 56 + 18 (36-96)
eGFR,,, mL/min/1.73 m? 57 + 18 (33-96)
eGFR,ys, mUmin/1.73 m? 57 + 20 (38-109)
Plasma

Creatinine, mg/dL 1.66 + 0.38 (1.04-2.51)

Cystatin C, mg/L 1.47 +0.31 (0.85-1.89)

Potassium, mEg/L 3.8 +0.6 (2.2-4.9)"

Sodium, mEg/L 137 + 2 (133-139)°

Magnesium, mEg/L 1.41 +0.22 (1.02-1.64)°

Uric acid, mg/dL 7.45 *+ 2,02 (4.44-12.02)°

Renin, mIU/L 68 + 134 (18-650)

Aldosterone, pmol/L 265 + 217 (86-1,080)
Aldosterone-renin ratio, pmol/miU 9.5 + 13.0 (0.3-60)
Albumin, g/dL 44 +0.3(3.85.1)
Alanine aminotransferase, U/L 31 +33 (3-151)

Serum osmolality, mOsm/kg 296 + 7 (288-316)

Note: n = 19. Reference values: eGFR, >90 mL/min/1.73 m?,
creatinine, <1.13 mg/dL; cystatin C, <0.99 mg/L; potassium, 3.5
to 5.0 mEg/L; sodium, 137 to 145 mEg/L; magnesium, 1.4 t0 1.9
mEgq/L; uric acid, 3.0 to 7.0 mg/dL; osmolality, 280 to 300 mOsm/
kg; renin, 2.8 to 40 mlU/L; aldosterone, <650 pmol/L; albumin,
3.6 to 4.5 g/dL; alanine aminotransferase, <72 U/L; and aldo-
sterone to renin ratio, <60 pmol/mIU. Conversion factors for
units: creatinine in mg/dL to pmol/L, X88.4; magnesium in mEq/
L to mmol/L, X0.5; uric acid in mg/dL to pmol/L, X59.48; alanine
aminotransferase in U/L to pkat/L, X0.0167.

Abbreviations: eGFR,, estimated glomerular filtration rate
based on creatinine; eGFR....ys, estimated glomerular filtration
rate based on creatinine and cystatin C; eGFRcys, estimated
glomerular filtration rate based on cystatin C; SD, standard
deviation.

8Four (21%) patients had plasma potassium <3.5 mEg/L.

PNine (47%) patients had plasma sodium <137 mEg/L.

°Seven (37%) patients had plasma magnesium <1.4 mEq/L.

9Eleven (58%) patients had plasma uric acid >7.0 mg/dL.

glucosuria; dipstick protein was increased in 2 pa-
tients (trace and 3+, respectively). Sediment showed
no casts. Patients 7 and 15 had increased urinary
albumin-creatinine ratios at 316 and 809 mg/g,
respectively.

Kidney Biopsies
All 19 participants underwent kidney biopsy. One

participant developed transient macroscopic hematu-
ria; the other participants had no adverse events.

Light Microscopy and Immunofluorescence

Overview

There were 13 biopsy specimens that were repre-
sentative; 3, marginally representative; and 3, not
representative. Polarized light on paraffin-embedded
tissue detected no crystals. No uric acid crystals
were found using de Galantha staining. In 9 patients,
frozen tissue was available for evaluation
with polarized light; in 1 patient (patient 12), 1

Am J Kidney Dis. 2017;69(5):626-636

Time of Biopsy
Urine Variable Mean + SD (Range)
Culture All negative
Potassium, mEg/L 33 +17 (4-61)

Potassium-creatinine ratio, 42+13(2.7-8.9)

mEg/mmol
Sodium, mEg/L 119 + 59 (21-254)
pH 6.2 +0.4 (6-7)
24-h urine volume, L 3.1+14(1.3-6.7)7°
ACR, mg/g 64 + 194 (0.8-809)"
NAG-creatinine ratio, nkat/g 68 + 53 (5-186)°
A1M-creatinine ratio, mg/g 27 +33 (3-141)°
Arsenic, pg/L 10.3 + 6.6 (1.31-20.1)
Cadmium-creatinine ratio, pg/g 0.10 +0.09 (0.02-0.336)°
Mercury-creatinine ratio, pg/g 0.32 + 0.25 (0.05-0.88)'
Lead-creatinine ratio, pug/g 0.98 + 0.88 (0.15-2.93)°

Note: n = 19. Reference values: 24-hour urine volume, 0.5 to
3L; ACR, <30 mg/g; NAG-creatinine ratio, <71 nkat/g; A1M-
creatinine ratio, <6.2mg/g; arsenic, <100 pg/L; cadmium-
creatinine ratio, <2 pg/g; mercury-creatinine ratio, <5 pg/g;
and lead-creatinine ratio, <50 pg/g. Conversion factors for units:
ACR in mg/g to mg/mmol, X0.113; NAG-creatinine ratio in nkat/
g to nkat/mmol, x0.113; A1M-creatinine ratio in mg/g to mg/
mmol, X0.113.

Abbreviations: A1M, a4-microglobulin;, ACR, albumin-
creatinine ratio; NAG, N-acetyl-f-p-glucosaminidase; SD, stan-
dard deviation.

#Nine (47%) patients had 24-hour urine volume >3 L.

"Two (11%) patients had ACRs >30 mg/g.

°Eight (42%) patients had NAG-creatinine ratio > 71 nkat/g.

9Thirteen (68%) patients had A1M-creatinine ratios >
6.2mg/g.

°Eight (42%) patients had no detectable urinary cadmium
(ie, <0.05 pg/L).

Ten (53%) patients had no detectable urinary mercury
(ie, <0.2 pg/L).

9Ten (53%) patients had no detectable urinary lead
(ie, <0.5 pglL).

round-shaped crystal was seen. Evaluation of the
representative and marginally representative biopsy
specimens (n = 16) are presented in the following
text and Table 4. Information about the not repre-
sentative biopsies (n = 3) is presented in Table S1.

Glomerular Changes

Specimens showed global glomerulosclerosis of
varying proportions, 7% to 70%, and hypertrophy of
the remaining glomeruli (Fig 1A). In patients 7 and
15, glomerular segmental sclerosis were found.
Discrete mesangial matrix expansion was seen in
most patients, but no mesangial cell proliferation.
Focal wrinkling of the GBM and/or periglomerular
fibrosis was seen in all but 1 patient (Fig 1A, C, and
D). In 4 patients, no representative material for
immunofluorescence was collected due to limited
biopsy material. In the other patients, immunofluo-
rescence showed no signs of immune complex
disease.
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Table 4. Nicaragua Biopsy Study: Light and Electron
Microscopy Findings of Representative and Marginally
Representative Biopsies

Table 4 (Cont'd). Nicaragua Biopsy Study: Light and Electron
Microscopy Findings of Representative and Marginally
Representative Biopsies

Microscopy Findings Value Microscopy Findings Value
Light microscopy findings (n = 16) Immune complex deposits
Glomerular changes (n = 16) Yes 0 (0%)
Mean globally sclerosed glomeruli 38% *+ 21% No 16 (100%)
(7%-70%) Note: Values are gi
g : given as cases (percentage) or mean *+
Pe"‘;"jage globally sclerosed glomerul _— standard deviation (range). Mean number of glomeruli (n = 16):
<25% (25%) 17 +7 (7-28). Grading: 0, normal; 1, mild; 2, moderate; and 3,
2H%S0% T {#4%) severe.
>50% 5 (31%) Abbreviations: F, focal; GBM, glomerular basement
Segmental scleroses 2 (12.5%) sambrane.
Glomerular hypertrophy 8Grading of tubular atrophy, interstitial inflammation, and
‘1’ g (gf') interstitial fibrosis is defined as 1 = mild, affecting <25% of area;
(0%) 2 = moderate, affecting 26% to 50%; and 3 = severe, affecting
2 11 (69%) SE0%.
- e . 5(31%) bGBM thickness normal range, 250 o 457 nm.
W'\'(""'ed BM/periglomerular fibrosis — *Five (31%) patients had thickened GBM.
Nes 1 éo/ ) 9Podocyte  foot-process  effacement  defined as
Tub |9 itial ch ol (6%) widespread, =80% of evaluated areas with <1.0 slit/pm GBM;
ubulointerstitial changes (n = 16) segmental, 21%-79% of evaluated areas with <1.0 slit/um
Tubular atrophy® GBM
0 1 (6%) ;
1 13 (81%)
2 2 (13%) Tubulointerstitial Changes
3 0 (0% o 2 ? : g
Interstitial fibrosis® ) Interstt}nal fibrosis was @ld to querate (Fig 1B)in
0 1 (6%) most patients. Interstitial inflammation was generally
1F 8 (50%) mild, located in fibrotic areas, and consisting of
2F 7 (44%) lymphocytes. A few neutrophil granulocytes were
e _— B{0%) found in tubuli of 2 patients. In 2 patients, a few
Interstitial inflammation i & i & s .
0 2 (13%) eosinophils were found in the interstitium. Mild
1 12 (75%) tubular atrophy was common (Fig 1C and D). Mild
2 2 (13%) tubulitis was seen in 1 patient.
3 0 (0%)
Vascular changes (n = 15)
intimal hickening Vascular Changes
0 11 (73%) Arteries were found in all but 1 patient. Arterial
1 3 (20%) changes were generally mild (Fig 1C and D; Table 4).
g égf; Five specimens showed arteriolar hyalinosis (mild in
0 . .
Smooth muscle hyperplasia 3 patients, moderate in 2).
0 5 (33%) "
1 6 (40%) Electron Microscopy
g ggz/ °/)°) Results are presented in Tables 4 and S2. No im-
" mune deposits were found. Mild thickening of the
Electron microscopy ﬁt?dings (n=16) GBM due to homogenous thickening of the lamina
GBM thickness, nm 44(13:365366)° densa was seen in 5 patients. The podocytic cyto-
: 3 lasm often contained vacuoles (Fig 2A) or
Podocyte foot processes, slits/um GBM 1.0+05 p P 5 : v
- . . 0.4-1.7) lipofuscin-like bodies (Fig 2B). Cell debris, probably
Podocyte foot process effacement’ derived from podocytes, was seen between capillary
No (normal) 7 (44%) loops in Bowman’s space in 3 patients (Fig 2C). The
P P p g
aggmenmldeﬂ:cement 4(2?:4) parietal epithelial cells of Bowman’s capsule dis-
En d(')t::&eienz oot AR played no apparent pathology. Podocytic foot-process
Normal 10 (62%) effacemept was seen in 9 patients (Fig 2D). Th_e
Swollen 6 (38%) endothelium was mostly normal, but in 6 patients, it
Podocyte cytoplasm inclusions was swollen at varying degrees (Fig 2D). In 4 pa-
:es 12 (75%) tients, the swollen endothelium also showed reduced
- APE fenestration. Tubular structures showed varying
630 Am J Kidney Dis. 2017,69(5):626-636
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Figure 1. Light microscopy findings in kidney tissue from the Nicaragua biopsy study. Global glomerulosclerosis of varying degree
(stars in A [periodic acid—Schiff (PAS)-methenamine staining from patient 1], B [Ladewig staining from patient 9], and D [PAS staining
from patient 9]) and (A, B) moderate to severe glomerular hypertrophy (black arrow) were found in all patients. Signs of glomerular
ischemia with thickening of Bowman’s capsule or wrinkling of capillary walls (arrowheads in A, C [PAS staining from patient 6], and
D) were found in all but 1 patient. (B) Mild to moderate interstitial fibrosis (white arrow) and (C, D) tubular atrophy of varying degree
(black arrows) were seen in most patients. (C, D) Arteries were in most cases normal (white arrows) or only mildly changed. Scale

bars = (A, C) 100 um, (B, D) 200 um.

degrees of tubular atrophy, but otherwise no apparent
pathology.

Follow-up of El Salvador and Nicaragua Biopsy
Studies

In total, 25 of 27 participants in the 2 biopsy studies
were included in the follow-up, and they had a mean
change in eGFR, per year of —44*84
(range, —27.7 to 10.2) mL/min/1.73 m’.

El Salvador Follow-up

Seven of 8 patients were followed up 19 to 26
months after kidney biopsy (Table 5). One patient had
initiated hemodialysis therapy after 19 months (with
eGFRys of 9 mL/min/1.73 m’ 3 days before dialysis
therapy initiation). Urine samples were available for 5
patients; 2 had increased urine albumin-creatinine ra-
tios (2,458 and 45 mg/g). Two patients were working
with sugarcane, 4 with other agricultural work, and 1
was unemployed.

Am J Kidney Dis. 2017,69(5).626-636

Nicaragua Follow-up

Eighteen of 19 patients were followed up 13 to 17
months after kidney biopsy (Table 5). Urine
albumin-creatinine ratios were increased in patients 7 and
19 (462 and 2,270 mg/g). Ten patients were unemployed
or on pension; 2, construction workers; 1, an agricultural
worker (not sugarcane); 1, a baker; 1, a mechanic; and 3,
in non-physically strenuous professions.

Possible Predictors of Decrease in eGFR

Simple linear regression was performed to predict
change in eGFR,; based on various biochemical data at
the time of the biopsy (to); results are presented in
Table S3. A significant correlation was seen between
plasma sodium level and change in eGFR,, per year
when combining both cohorts (El Salvador and
Nicaragua, n = 25). Introducing baseline eGFR as a
covariate in the equation did not significantly (P = 0.7)
influence the decline in eGFR related to plasma sodium
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Figure 2. (A) Transmission electron microscopy image from patient 10 shows cytoplasm of a podocyte (pc) containing vacuoles
(arrowhead). (B) Image from patient 17 shows lipofuscin-like bodies (Iflb) in cytoplasm of a podocyte. (C) Image from patient 6 shows
cell debris in Bowman's space (*), probably derived from podocytes because it was mostly found within the glomerular tuft between
capillary loops and Bowman'’s capsular epithelium showed no apparent pathology. (D) Image from patient 17 shows widespread
foot-process effacement (arrowhead) and a focally swollen endothelium (*). Abbreviations: ¢, capillary space; n, nucleus. Scale
bars = (A) 5 um, (B-D) 1 pm.

level (P = 0.02). Therefore, baseline eGFR was not
used as a covariate in any of the calculations in Table S3.

Patients with severe glomerular enlargement had a
significantly larger decrease in eGFR,, compared with
patients with mild to moderate enlargement
(Table S4).

DISCUSSION

This unique study describes the renal morphology
and biochemical characteristics of 19 patients with

632

MeN in Nicaragua and also presents 1- to 2-year
follow-up data from this cohort, as well as from our
previous biopsy study of 8 patients with MeN in El
Salvador.

The renal morphology shows glomerulosclerosis of
varying degrees, glomerular hypertrophy, and signs of
chronic glomerular ischemia, together with mild to
moderate chronic tubulointerstitial damage. The
morphology is very similar to findings in our previous
study of MeN cases.”

Am J Kidney Dis. 2017;69(5):626-636
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Table 5. Follow-up Plasma and Urine Data From El Salvador and Nicaragua Kidney Biopsy Studies

El Salvador Blopsy (n =7) Nicaragua Biopsy (n = 18)

Postbiopsy follow-up time, mo 25 + 3 (19-27) 14 +2 (13-17)

eGFR.,, mL/min/1.73 m? 45 + 25 (9 to 76) 52 + 20 (20 to 87)
AeGFR,,, mL/min/1.73 m? per y -36+52(-13.31t02.8) -5.3 +9.2 (—27.7 10 10.2)
€GFRg.cys, MU/min/1.73 m? 48 + 20 (18 to 85)

AeGFRcrcys, ML/min/1.73 m? pery -7.0 +8.2(—24.9 10 6.5)

Plasma
Potassium, mEq/L 3.3+0.7 (1.9t0 4)° 43 +0.6 (2810 4.8)°
Sodium, mEq/L 132 + 4 (126 to 136) 138 + 1 (135 to 140)°
Uric acid, mg/dL — 7.30 + 2,52 (4.12 to 12.19)°
Urine
ACR, mg/g 508 + 1,091 (4 to 2,458)" 155 + 539 (1 10 2,270)"

NAG:Cr ratio, nkat/g
A1M:Cr ratio, mg/g 24 + 34 (4.5 to 144)°

Note: Values are given as mean *+ standard deviation (range). Reference values: potassium, 3.5 to 5.0 mEq/L; sodium, 137 to 145
mEg/L; uric acid, 3.0 to 7.0 mg/dL; ACR, <30 mg/g; NAG:Cr ratio, <71 nkat/g; A1M/Cr ratio, <6.2 mg/g. To convert uric acid in mg/dL
to pmol/L, x59.48.

Abbreviations: A1M, @4-microglobulin; ACR, albumin-creatinine ratio; Cr, creatinine; eGFR,,, estimated glomerular filtration rate
based on creatinine; eGFR..cys, estimated glomerular filtration rate based on creatinine and cystatin C; NAG, N-acetyl-p-o-

108 + 46 (53 to 168)"

glucosaminidase.

#Potassium was <3.5 mEg/L in 4 patients; ACR, >30 mg/g in 2 patients; and NAG:Cr ratio, >71 nkat/g in 4 patients.
PPotassium was <3.5 mEg/L in 2 patients; sodium, <137 mEq/L in 4 patients; uric acid, >7.0 mg/dL in 7 patients; ACR, >30 mg/g in

2 patients; and ATM:Cr ratio, >6.2 mg/g in 11 patients.

We used similar inclusion and exclusion criteria as
in our previous biopsy study, but this study included
twice as many patients, enabling a more detailed
description of the disease. Furthermore, eéGFR ..y, in
this study is higher (mean, 56 compared to 42 mL/
min/1.73 m?) and participants are younger (mean,
33 compared to 44 years), thus reducing possible
age-related morphologic changes and describing
earlier lesions in MeN.

Chronic glomerular changes were seen in all patients.
Glomerular hypertrophy was present in all patients and
could be the result of compensatory mechanisms due to
nephron loss/low nephron count or chronic
ischemia.'”'® In all but one patient, wrinkling of the
GBM and/or periglomerular fibrosis was seen. These
changes, indicating glomerular ischemia, are often
found in nephrosclerosis,” but neither hypertension nor
vascular changes consistent with hypertension were
found. Immune complex glomerulonephritis could be
excluded in all representative biopsies by immunofiuo-
rescence or electron microscopy.

The chronic tubulointerstitial damage was in most
cases mild and in some cases was moderate. Signs of
tubular damage were also evident in urine, in which
NAG or 0,;-microglobulin levels often were elevated.
A few granulocytes were found in tubuli of 2 patients,
but because urine culture results were negative, acute
pyelonephritis is unlikely. Chronic pyelonephritis is
more difficult to exclude. However, in a previous
report, urine cultures from 103 sugarcane workers all
gave negative results, indicating that infections are

y
uncommon.”’
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Podocyte foot-process effacement was found in 9
of 16 patients, but was not correlated to albuminuria
because only 1 of these patients displayed albumin-
uria. Other signs of podocytic injury, including
podocyte debris and lipofuscin-like bodies, were also
found. Whether there is primary damage to the
podocytes or secondary damage due to glomerular
hypertrophy is unclear.

In 2014, Lépez-Marin et al’' published a study of
kidney biopsies from 46 Salvadoran patients with
eGFRs of 30 to 89mL/min/1.73m> They
concluded that their main finding was ‘“chronic
tubulointerstitial nephropathy” with subsequent
glomerular and vascular damage. However, they
also reported that 67% of the men in the study had
>25% global glomerulosclerosis and 83% of the
men had <25% tubular atrophy (ie, results similar to
our findings).

Based on our previous study, others have described
the morphology of MeN as “chronic tubulointerstitial
nephropathy with secondary glomerular damage.””’
We do not agree with this phrase because we
would describe the morphology as a combination of
chronic glomerular and tubulointerstitial changes for
which the mechanism has to be elucidated. That
tubulointerstitial damage can cause glomerular dam-
age or vice versa is well known.”" In our experience,
the ratio between the glomerular and cortical
tubulointerstitial damages found in our studies of
MeN suggest that the tubulointerstitial damage alone
might not be enough to explain the glomerular
changes.
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The finding of low plasma sodium, potassium, and
magnesium levels in many patients (Tables 2 and 5)
is striking. Spot urine samples suggest that the hy-
pokalemic patients in our Nicaraguan cohort have
renal potassium losses, a finding that also has been
reported from another MeN study.24 Interestingly,
when combining data from both biopsy cohorts, low
sodium at baseline was correlated with a higher
progression rate (Table S3). To establish if this is a
correlation or causation, further studied in larger co-
horts are needed. Hyponatremia correlated to sugar-
cane work,” as well as extreme exercise,”””’ has
been described, but our study was performed outside
of harvest season, indicating a chronic state inde-
pendent from the extreme conditions during sugar-
cane harvest. The participants’ large urine volumes
(mean, 3.1 L/24 h) are noteworthy. Excessive water
intake may contribute to the hyponatremia in some
patients. We have previously argued for possible
renin-angiotensin-aldosterone system activation as
one of the mechanisms behind the glomerular
ischemia and hypokalemia seen in MeN." Our find-
ings further support the hypothesis that chronic
sodium depletion may stimulate the renin-
angiotensin-aldosterone system, whereby angio-
tensin II would cause glomerular ischemia by
constriction of glomerular capillaries and aldosterone
would cause hypokalemia. Plasma renin level was
increased in 8 patients, who also were low or in the
lower reference range for plasma sodium. However,
aldosterone levels were in most cases within the
reference ranges, making the data difficult to inter-
pret. Analysis of renin, angiotensin II, and aldoste-
rone during harvest would be of great interest.

To our knowledge, this is the first report presenting
follow-up data from patients with kidney
biopsy—verified MeN. Our data show a mean decline
in eGFR, of 4.4 mL/min/1.73 m” per year. However,
individual variation in change in eGFR over time was
great (Table 5).

When comparing kidney morphology with pro-
gression rate, we found that patients with severe
glomerular hypertrophy had a worse prognosis
(Table S4). This finding needs to be confirmed in
larger studies.

The cause of MeN is not fully understood, but the
leading hypothesis is occupational heat exposure with
repeated episodes of volume and salt depletion.””**’
That volume depletion can lead to acute kidney injury
(AKI) is known, and in recent years, AKI has been
found to be a risk factor for CKD development.”"'
Three studies of sugarcane workers report increasing
serum creatinine levels of about 10% to 20% after a
workday,””””*?  supporting the hypothesis that
repeated AKI caused by extreme working conditions
may be the major cause of MeN.
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Interestingly, a morphologic picture similar to that
of MeN has been described in rats developing CKD
after AKL*** Kidney morphology 9 months after
ischemic AKI is described as glomerular hypertrophy,
glomerulosclerosis, podocyte foot-process effacement,
and tubulointerstitial damage. Furthermore, rats
developing CKD after AKI were normotensive,
another similarity with patients with MeN. Spi-
ronolactone and losartan treatment prevented the
development of CKD, suggesting that these agents,
affecting the renin-angiotensin-aldosterone system, are
of importance in the pathophysiology.

A possible mechanism for developing CKD due to
repeated dehydration involving fructose metabolism
in tubuli has been presented in a study of mice.*® The
authors suggest the main pathologic mechanism to be
tubular damage caused by end products in the fructose
metabolism (inflammatory mediators, oxidants, and
uric acid). Hyperuricemia and hyperuricosuria have
also been hypothesized as possible mechanisms.’’ In
our study, we did not find support for uric acid ne-
phropathy; no uric acid crystals or lesions related to
hyperuricemia were seen. However, we cannot
exclude the possibility because biopsies were not
performed during dehydration.

The role of NSAIDs in the development of MeN has
been discussed.'* In the present study, most Nicar-
aguan participants did not use NSAIDs. However, the
pharmacodynamic properties of NSAIDs, reducing
renal blood flow, are probably harmful in MeN, in
which glomerular ischemia is already present.

Heavy metals have been raised as possible co-
factors in MeN development.”” In this study, we
could not find evidence for this because all values
were below toxic levels.'”"**

In recent years, the resemblance between MeN and
CKD of unknown origin affecting rural inhabitants in
Sri Lanka has been discussed.”"*' Tubulointerstitial
damage has been described as the main lesion in
kidney biopsy specimens, but glomerulosclerosis,
glomerular enlargement, and thickening of Bowman’s
capsule have also been reponed,”‘“ indicating a
resemblance with MeN. Most biopsy studies in Sri
Lanka have included participants by screening for
proteinuria, and this makes comparison difficult
because patients with MeN often lack proteinuria.

In summary, we propose that the findings in our
study are compatible with the hypothesis that MeN is
caused by recurrent kidney injury due to occupational
heat stress with subsequent volume and salt depletion.
Kidney function often deteriorates in patients with
MeN, and risk factors for this should be further
studied to enable preventive strategies. Comparative
studies with CKD of unknown cause in other coun-
tries are needed to elucidate whether MeN might be a
global disease, accelerated by global warming.

Am J Kidney Dis. 2017;69(5):626-636
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ABSTRAGT

Objectives: To study Mesoamerican nephropathy
(MeN) and its risk factors in three hot occupations.
Design: Cross-sectional.

Setting: Chinandega and Ledn municipalities, a MeN
hotspot on the Nicaraguan Pacific coast, January—
February 2013

Participants: 194 male workers aged 17-39 years: 86
sugarcane cutters, 56 construction workers, 52 small-
scale farmers.

Outcome measures: (1) Differences between the
three occupational groups in prevalences/evels of
socioeconomic, occupational, lifestyle and health risk
factors for chronic kidney disease (CKD) and in
hiomarkers of kidney function and hydration; (2)
differences in prevalences/levels of CKD risk factors
hetween workers with reduced estimated glomerular
filtration rate (8GFRgxp-gpy <80 mL/min/d.73 m?) and
workers with normal kidney function (eGFRckp-epi
>80 mUmin/1.73 m?).

Results: Sugarcane cutters were more exposed to
heat and consumed more fluid on workdays and had
less obesity, lower blood sugar, lower blood pressure
and a better lipid profile. Reduced eGFR occurred in
16%, 9% and 2% of sugarcane cutters, construction
workers and farmers, respectively (trend cane >
construction > farming, p=0.003). Significant trends
{cane > construction > farming) were also observed
for high serum urea nitrogen (blood urea nitrogen
(BUN) 20 mg/dL), high serum creatinine (SCr

>1.2 mg/dL), low urinary pH (<5.5) and high BUN/SCr
ratio (>20) hut not for high urinary specific gravity
(>1.030). Sugarcane cutters also more often had
proteinuria and blood and leucocytes in the urine.
Workers with eGFR <80 mL/min/1.73 m? reported a
higher intake of water and lower intake of sugary
heverages. Serum uric acid levels related strongly and
inversely to eGFR levels (adj B —10.4 mL/min/1.73 m?,
95% Cl —=12.2 to —8.5, p<0.001). No associations
were observed for other metaholic risk factors,
pesticides, non-steroidal anti-inflammatory drugs or
alcohol. Among cane cutters, consumption of

Strengths and limitations of this study

= The study provides a detailed description of
exposures  to potential risk factors for
Mesoamerican  nephropathy  (MeN) among
workers in three occupations of special interest:
subsistence farmers, construction workers and
sugarcane cutters.

= The study established the prevalence of kidney
dysfunction and dehydration among workers in
these three distinct occupations at risk for MeN,

n The cross-sectional design limits causal interpre-
tations about associations between the potential
risk factors and the markers of kidney function,
hut the study provides clues for aetiology and
possible pathways of kidney injury.

n Most exposures to risk factors are self-reported,
hut much attention was paid to the quality of the
questionnaires.

electrolyte hydration solution appeared preventive (adj
B 8.1 mL/min/1.73 m?, p=0.09).

Gonclusions: Heat stress, dehydration and kidney
dysfunction were most common among sugarcane
cutters. Kidney dysfunction also occurred to a lesser
extent among construction workers, but hardly at all
among small-scale farmers. High serum uric acid was
associated with reduced kidney function.

INTRODUGTION

Mesoamerican nephropathy (MeN), an epi-
demic of chronic kidney disease (CKD), is a
chronic tubulointerstitial disease unrelated
to traditional CKD risk factors, affecting pre-
dominantly young male workers in Pacific
coastal communities of Central America and
possibly southern Mexico.'™ Several tens of
thousands of people have died of this
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disease.® Although MeN is often described as an epi-

demic of agricultural workers," °® in Central America
sugarcane workers are clearly the most affected
populan‘.ion.1 Shall

A consistent risk factor for MeN appears to be heavy
manual labour in extreme heat.! Manual sugarcane
cutters exert substantial amounts of energy, often in
environmental temperatures over 35°C and high humid-
ity.n‘lg Besides heat stress, some sugarcane workers are
also exposed to pesticides, either at sugarcane planta-
tions or while labouring in other crops.11 Lo
Consumption of non-steroidal anti-inflammatory drugs
(NSAIDs) to manage muscle pain is common.*”
Exposure to heavy metals may occur through contami-
nated pesticide formulations and fertilisers, as has been
shown in Sri Lanka,'® contaminated drinking water,17 or
even during burning of the cane.’® Overall, exposure of
sugarcane workers to different potential CKD risk factors
has not been described in detail.

A leading hypothesis is that recurrent dehydration,
possibly in combination with exposure to other agents
(eg, NSAIDs, heavy metals, agrochemicals, high fructose
intake) may be a driving factor.! * Animal experiments
have shown that dehydration and hyperosmolarity may
induce tubular injury via activation of the polyol-
fructokinase pathway in the kidne)a19 Recently, a
mechanism of hyperuricaemia and cyclical uricosuria
associated with volume loss and dehydration has also
been proposed.20 2

Studies suggest that MeN may also occur among
miners and construction workers,” 2% cotton workers™
and subsistence farmers.® However, these cross-sectional
data mostly consider current occupation and are there-
fore not conclusive. Cane cutting is seasonal and many
sugarcane workers are also subsistence farmers or work
in construction. Contrary to contracted workers, inde-
pendent small-scale farmers have control over their
work hours and are able to avoid the hottest tempera-
tures. Prevalence studies have been recommended to
assess exposure to CKD risk factors and kidney dysfunc-
tion in different occupation&1

The aim of this study was to compare the prevalence
of a range of potential CKD risk factors among sugar-
cane cutters, construction workers and small-scale
farmers labouring in the same hot environment, along
with biomarkers of hydration and kidney function. We
hypothesise that sugarcane cutters experience more
heat stress, more dehydration and more signs of kidney
dysfunction than small-scale farmers, with construction
workers somewhere in between.

METHODS

Study population and recruitment

This is a cross-sectional study. We recruited 194 male
workers aged 17-39 years, all living in the municipalities
of Chinandega and Leén in the Pacific region of
Nicaragua, a major epicentre for the MeN epidemic. Of

these, 86 were sugarcane cutters, 56 construction
workers and 52 smallscale farmers. Cane cutters from
several sugarcane villages were recruited with the help of
community leaders; a trade union assisted in recruiting
construction workers employed by private companies at
three construction sites; and a rural farmer association
helped to recruit associated farmers dedicated full time
to the cultivation of subsistence crops. The response rate
was 86% among cane cutters and there were no refusals
among construction workers and farmers.

The study was approved by the Ethical Review Board
of UNAN-Leon, Nicaragua. All participants provided
written informed consent.

Data collection

Data were collected for sugarcane cutters during
January 2013, 2months after the sugarcane harvest
started, and during February 2013 for construction
workers and farmers under similar climatic conditions.
In each of the sugarcane and farming villages a well-
known public place was selected as the data collection
station; construction workers were evaluated at their
work site. Data collection started between 05:30 and
06:00 hours on the morning after a workday and blood
and urine samples were collected after overnight fasting.

Medical measurements and biological samples

Blood pressure was measured with a calibrated digital
sphygmomanometer with the participant seated after
resting for 10 min. Weight was measured with a cali-
brated digital flat mobile scale and height with a fold-
able stadiometer. Certified technicians collected blood
samples in vacuum tubes for centrifugation and serum
separation and in a tube with anticoagulant for blood
cell count. Samples without coagulant were centrifuged
on the spot at 3500 rpm for 10 min at room tempera-
ture. All samples were placed on ice and transported the
same day to the laboratory at the Research Center on
Health, Work and Environment (CISTA) at UNAN-Le6n
where haematocrit and haemoglobin were determined
with a Mindray 2300 haematology analyser and the
serum samples were frozen at —80 C. After finalising all
data collection, serum samples were transported to the
National Diagnostic and Reference Center of the
Ministry of Health (CNDR-MINSA) of Nicaragua, which
takes part in an international interlaboratory quality
control programme. Samples were analysed with Cobas
Integra 400, an automated equipment which uses a
photometric test to determine levels of serum glucose,
lipid profile, serum uric acid (SUA) and blood urea
nitrogen (BUN) and a Jaffe compensated method for
quantification of serum creatinine (SCr). SCr was cali-
brated against IDMS-traceable creatinine. Blind spiked
and duplicate blood samples from each tenth partici-
pant were in 95% within 1SD. A urinalysis dipstick was
performed on a spot morning sample using a Bayer
Clinitek 50 Urine Chemistry Analyser with Multistix
10SG reagent strips (Siemens Diagnostics, USA) with
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semi-quantitative measurements of protein (>30-
<300 mg/dL and >300 mg/dL, glucose (positive at
2100 mg/dL), urinary specific gravity (USG) (1.000-
1.030), pH (5.0-8.5), blood (+ to +++), nitrite ( positive),
leucocyte esterase (+ to +++), bilirubin (+ to +++),
ketone (>5mg/dL) and urobilinogen (>2 Ehrlich
units).

Questionnaires
Questionnaires were applied by trained interviewers with
courses on bioethics and good clinical practices. A ques-
tionnaire on work and health obtained data on demo-
graphics and employment (age, education, drinking
water source, income, type of contract, sub-employment,
social security), lifestyle (smoking, alcohol, drugs, fluid
intake on non-working days), health (medically diag-
nosed diseases, nephrotoxic medications), work history
(industry, job titles, job duration, crops, pesticides) and
occupational heat stress determinants (shift duration,
breaks, shadow, work speed, heavy loads; in addition, for
sugarcane workers, incentives to cut more cane and
hours between cane burning and entering the field).
This questionnaire was developed based on versions
used in previous studies in the region.5 2

A second questionnaire, developed at the National
Institute of Public Health in Mexico, obtained data on
the types and amounts of fluids and food items con-
sumed during the day (always a workday) before the
interview. The amount of fructose contained in the food
and drinking items was estimated based on a fructose
calculation list of the Mexican questionnaire25 and the
USDA National Nutrient Database for Standard
Reference for items not included in the Mexican
quest.ionnaire.26

Statistical analysis
Data were analysed with SPSS Statistics 20. Glomerular
filtration rate estimated by the CKD-EPI equation
(eGFRecxprp1) Wwas the main outcome measure, cate-
gorised into <80 mL/min/1.73 m? and >80 mL/min/
1.73 m?. This cutoff point was chosen instead of the
traditional<60 because too few workers had estimated
glomerular filtration rate (eGFR) <60. Prevalences of
high BUN (>20 mg/dL), high SCr (>1.2mg/dL), high
SUA (>72mg/dL) and protein >30 mg/dL, blood,
nitrites or leucocytes in urine were secondary measures
of kidney dysfunction. Prevalences of high USG
(21.030), low urinary pH (<5.5) and high BUN/SCr
ratio (>20) were used as indicators of dehydration.
Self-reported social and work history items, diseases
and medications, and heat stress exposure variables were
dichotomised. A category of high tobacco consumption
was created with subjects in the upper quartile of ever
smokers (>3 pack-years) and a category of high alcohol
consumption composed of subjects in the upper tertiles
of lifetime alcohol consumption (>80 000 g) or average
weekly consumption (>125g). Total fluid intake was
defined as drinking water plus sugary drinks (natural
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fruit refreshments, sodas, coffee, tea and electrolyte solu-
tion) and reported as litres of total liquids consumed
the previous (work) day and for comparison also for a
typical non-work day, with subcategories into water only
and sugary drinks. Total fructose intake was estimated
from all food and fluids consumed including chewed
cane and stratified into fructose from food sources and
added sugars. Fructose variables were categorised into
quartiles. The cut-off for body mass index was set at
>25 kg/ mZ Hypertension was defined as systolic blood
pressure >140 mm Hg and/or diastolic blood pressure
290 mm Hg, or a selfreported medical history of hyper-
tension. Diabetes was defined as serum glucose
2125 mg/dL in the fasting serum sample or a self-
reported medical history of diabetes. Use of nephrotoxic
medications was recorded if taken at least three times
per week for more than 3 months in the case of NSAIDs
and other analgesics, or administered for at least a week
in the case of nephrotoxic antibiotics, during the last
year. Blood and urine biochemical parameters were
explored as continuous variables or defined as normal
versus abnormal using standard clinical cut-off values.

Differences between occupations were assessed with
ANOVA and Kruskal-Wallis tests for normally and not
normally distributed continuous variables, respectively,
and Pearson ¥ test for categorical variables or Fisher’s
exact test when the X2 test was not applicable. Post hoc
tests were performed with Tukey’s HSD test for continu-
ous results and posthoc x2 as described by Franke
¢ al¥ With occupation as the main proxy for heat
stress, we assessed trends for sugarcane cutters > con-
struction workers > farmers for prevalences of markers
of kidney dysfunction and dehydration over the ordered
occupational groups with the gamma statistic.

Differences in the distribution of risk factors between
subjects with reduced and normal kidney function were
explored for all occupations combined (n=194) and
restricted to sugarcane cutters (n=86), with Whitney
U-tests for continuous variables and XQ tests or Fisher’s
exact test for categorical variables. Exact p values are
reported and p values <0.05 were considered statistically
significant. Multivariate linear regression models were
constructed for all workers and restricted to sugarcane
cutters, with factors that were different between subjects
with reduced and normal kidney function at p<0.10.
Residuals from the regressions were checked to assess
the fit of the models.

RESULTS

Potential risk factors for CKD/MeN amang the three
occupations

Socioeconomic and health-related CKD risk factors
Socioeconomic CKD risk indicators were unfavourable
for all workers, but somewhat less for construction
workers (table 1A). Farmers had the lowest income and
sugarcane cutters were significantly less educated with
an average of 4years of elementary schooling. With
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Table 1 Socioeconomic and health indicators relevant for chronic kidney disease/Mesoamerican nephropathy risk among
workers in three occupations, municipalities of Chinandega and Leén, Nicaragua, 2013

Sugarcane  Construction Farming p Value* differences
(N=86) {N=56) (N=52) between groups
(A) Demographics, employment and social indicators
Age (years) 25.6+5.5 27.3+6.0 25.245.1 0.11
Education (years) 3.9+3.01 7.8+3.6 8.0+4.1 <0.001
Drinking water from well, % 84.9t1 125 13.5 <0.001
Temporary contract, % 93.0t 75.01 2111 <0.001
Without work >4 monthsfyear, % 209 17.9 34.61 0.089
No current social security, % 15.1 8.9 92.3t1 <0.001
Monthly household income per person in family 1808+11561 2267+11241  1343+1059t <0.001
(25 cordobas=1 US$)
(B) Lifestyle, medical history and health indicators
High tobacco consumption, % 10.51 26.8 23.1 0.031
High alcohol consumption, % 18.6 28.6 327 0.145
Non-steroidal anti-inflammatory drugs >3 months, % 5.8 7.1 77 0.901
Nephrotoxic antibictics, % 1.2 1.8 0.0 0.648
History of kidney stones, % 1.2 5.4 1.9 0.287
History of urinary tract infections, % 23.3t 33.9 42.3% 0.058
Not feeling in good health, % 10.5§ 37.5§ 17.5 <0.001
Body mass index >25 kg/m?, % 17.4§ 58.9§ 40.4 <0.001
Blood pressure>140/90, % 5.8t 17.9 26.9 0.003
Heart rate (beats/min) 62+121 7314 72+13 <0.001
Blood glucose (mg/dL) 89+11 90+14 90+12 0.874
Triglycerides (mg/dL) 120+671 168+108 177124 <0.001
Cholesterol (mg/dL) 170+36§ 188+41§ 178+44 0.032
HDL cholesterol (mg/dL) 48+12t 42+10 38+8 <0.001
LDL cholesterol (mg/dL) 93+28 10133 91+32 0.120
VLDL cholesterol (mg/dL) 24131 34+22 35+25 <0.001
Haematocrit (%) 46.8+5.9 48.5+4.8 50.8+4.0t <0.001
Haemoglobin (g/dL)f 13.4+1.61 14.8+15 15.4+1.3 <0.001
Haemoglobin <13 g/dL, %1 35.8t 8.9 38 <0.001
White cell counts/pL1,** 7184+2048  7307+1656 7580+1882 0.503
% neutrophils{,* 38.6+10.6 38.6+8.8 36.5+9.0 0.421
% lymphocytes,* 21.2+6.61 18.5+4.91 14.5+4.71 <0.001
% other cells,™ 40.2+10.0 43.0+8.2 49.1+10.61  <0.001
Erythrocytesx10%/uLY 4.87+059t  5.27+047t 5.53+0.501  <0.001
Plateletsx10%/uLY 299.4+76.7  315.6+67.7 292.8+62.8 0.218

Values are mean+SD unless indicated otherwise.

*p Value for differences between groups: ANOVA for normally distributed continuous variables, Kruskal-Wallis for not normally distributed

continuous variables, 4 test for categorical variables.
tSignificantly different from the other two categories in post hoc tests.
1Significant difference only between sugarcane cutters and farmers.

§Significant difference only between sugarcane cutters and construction workers.

15 missing data for sugarcane workers due to technical error.

**Exclusion of one farmer with outlier for white blood cell count (WBC count=17500/uL).
HDL, high density lipoprotein; LDL, low density lipoprotein; VLDL, very low density lipoprotein.

regard to lifestyle and medical factors (table 1B), sugar-
cane cutters had lower prevalences of high tobacco and
alcohol consumption. There were no major differences
in the use of nephrotoxic drugs between the groups.
None of the workers had been previously diagnosed
with diabetes and only five had hyperglycaemia
>125 mg/dL (2 sugarcane cutters, 2 construction
workers and 1 farmer). Sugarcane cutters showed less
obesity, better lipid profiles, lower heart rates and lower
blood pressure but more anaemia (36% with haemoglo-
bin <13 g/dL). There were no differences in total leuco-
cyte count between occupations.

Occupational heat exposure, fluid and fructose intake and
pesticides

On average, construction workers had an effective work
time of 8 hours and farmers had the shortest with
5 hours, whereas sugarcane workers actively cut cane for
6.5 hours per day (table 2A). A higher proportion of
sugarcane workers perceived a very rapid work pace and
had to take rest breaks in the absence of shade; 83%
received incentives for cutting more cane and almost
half started harvesting within 12 hours of burning the
cane. Sugarcane cutters more often reported weight loss
related to the current job (over the last 2 months) and
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Table 2 Occupational heat stress, fluid and fructose intake and pesticide exposure indicators among workers in three
occupations, municipalities of Chinandega and Ledn, Nicaragua, 2013

Sugarcane Construction Farming

(N=86) (N=56) (N=52) p Value*

(A) Current occupational heat stress

Effective work hours per day (work hours minus breaks) 6.5+1.21 8.1+£0.71 5.3+2.0t <0.001

Very rapid work pace, % 74.4t% 53.6 404 <0.001

No shade during breaks, % 20.9% 1.8% 115 0.004

Lifting weights >50 Ibs, % 18.61 66.1 65.4 <0.001

Awkward work postures, % 58.1 76.8 69.2 0.063

Incentives to cut more cane, % 82.6 - - -

Hours post-burning at field entrance 11.7+6.2 - - -

Self-reported weight loss on the current job (last 2 months), % 77.9t 39.3 36.5 <0.001

Fainted at work, % 5.8 0 1.9 0.126

Dysuria (‘chistata’), % 43.0 48.2 442 0.827

(B) Fluid and fructose intake

Fluid intake previous day (workday)

Total fluid (L) 6.2+4.11 4.4+2.1 4.0£2.7 0.003
Water 4.4+3.91 2.9+2.1 2.8+24 0.002
Sugary drinks without electrolyte hydration solution 1.8+1.8 1.5+0.9 1.2+0.8 0.208
Electrolyte solution (N=31) 12+ - - -

Lowest quartile total fluid (<2.5 L), % 18.6 19.6 404t 0.009

Highest quartile total fluid (>7.0 L), % 40.7t1 8.9 13.5 <0.001

(C) Fluid intake on typical non-work day

Total fluid (L) 4.2+2.3 38+1.7 4.1+22 0.503
Water 3.0+2.0 22+1.3 2.7+2.0 0.053
Sugary drinks =210 1.6+1.1 1.4+1.9 0.117

(D) Fructose intake previous day (workday)

Total fructose intake (g) 103.1£72.1%  80.1+46.1 70.9+36.8 0.008
From food sources 8.4+10.71 15.9+£16.6 17.4+£16.7 <0.001
From added sugar 94.7+70.5t1 64.2+38.1 53.2+£30.7  <0.001
During work hours 58.6+44.7t1 28.6+21.4 26.1£16.5 <0.001

Sugary drinks (frescos’, sodas, coffee) 22.5+15.7 28.6+21.4 26.1+16.3 0.108
Sugarcane chewing (N=53) 35.0+18.5 - - -
Electrolyte solution (N=31) 40.3+35.2 - - -
Outside (before and after) work hours 36.1£39.3 35.6+31.4 27.1+25.9 0.350

Highest quartile total fructose intake (>107 g}, % 40.71 19.6 15.7 0.002

(E) Work and pesticide use history

Cumulative time on current job (months) 77+60 68+80 116+671 0.001

Ever sugarcane work, % 100.01 3.6 3.8 <0.001

Ever plantation (other than sugarcane), % 24.4 541 21.2 0.012

Ever work in small-scale agricultural (%) 61.61 25.0F 100.0F <0.001

Ever construction work, % 5.8 100.01 115 <0.001

Ever any pesticide use, % 46.51 10.7F 71.2% <0.001
Glyphosate, % 19.81 0.0 3.8 <0.001
2,4-D, % 23.3t1 0.0t 9.6t <0.001
Paraquat, % 9.3 36 25.0t 0.002
Chlorpyrifos, % 0.0 0.0 2311 <0.001
Cypermethrin, % 18.61 3.61 426t <0.001

Values are mean=SD unless indicated otherwise.

*p Value for differences between groups: ANOVA for normally distributed continuous variables, Kruskal-Wallis for not normally distributed
continuous variables, x> test for categorical variables.

tSignificantly different from the other two categories in post hoc tests.

1Significant difference only between sugarcane cutters and construction workers.

fainting on the job (6% compared with 2% of farmers With regard to fluid intake (table 2B), sugarcane
and no construction workers). Dysuria (‘chistata’), a  cutters reported on average 6.2 L of total fluid intake
common symptom in MeN affected areas thought to be  the previous (work) day, 70% (44L) as water and
related to dehydrarjon,15 ** was not different between  almost 30% (1.8 L) as sugary drinks. This was higher
the three groups. than for construction workers and farmers. Intake of

Wesseling C, et al. BMJ Open 2016;6:6011034. doi:10.1136/bmjopen-2016-011034 5
265



Downloaded from http://bmjopen.bmj.com/ on December 10, 2016 - Published by group.bmj.com

Open Access

water and sugary beverages were not correlated
(rp=0.01). In contrast, there was no difference between
the three groups for total fluid, water and sugary drinks
intake on non-work days.

Fructose intake during the previous day was highest
for sugarcane cutters and 41% of sugarcane cutters
belonged to the category of highest quartile of consump-
tion of total fructose (>107g) (table 2B). Fructose
intake from food was low among sugarcane cutters and
most came from added sugars during work hours, specif-
ically from sweetened beverages, electrolyte hydration
solution (one-third of cutters) and cane chewing (about
two-thirds). Fructose intake outside work hours was not
different between the groups.

With regard to pesticide exposures (table 2C), farmers
used pesticides most frequently (71%) compared with
almost half of sugarcane cutters and only 11% of con-
struction workers. Glyphosate and 2,4-D use was more
common among sugarcane cutters whereas paraquat
and the insecticides cypermethrin and chlorpyrifos were
used more often by farmers. With the exception of
cypermethrin, which had been used by almost half of
the farmers, no specific pesticide exceeded 25% of users
in any of the groups.

Status of kidney function and hydration by accupation
Kidney function biomarkers were more commonly
abnormal among sugarcane cutters, with significant dif-
ferences between the groups for prevalences of eGFR
<80 mL/min/1.73 m® (16%, 9% and 2% in sugarcane
cutters, construction workers and small-scale farmers,
respectively; p for trend=0.003), high SCr (p for
trend=0.02) and high BUN (p for trend=0.003) (table
3A). Likewise, proteinuria >30 mg/dL was approximately
three times more prevalent in sugarcane workers than in
the other groups (15% vs 5-6%, p for trend=0.08),
whereas leucocyturia was observed in 29% of sugarcane
workers but in only 0-2% of the other heatexposed
groups (p<0.001). Microhaematuria was also three times
more prevalent in sugarcane workers, but this difference
was not statistically significant (6% vs 2%, p for
trend=0.19). High SUA was more common among
sugarcane cutters (17%) and construction workers
(16%) than among farmers (6%).

Regarding markers of dehydration, the prevalence of
concentrated urine (USG >1.030) was not statistically dif-
ferent between groups (table 3B). Low urinary pH
occurred in 29% of sugarcane cutters versus 12% of con-
struction workers and farmers (p=0.01) and sugarcane

Table 3 Biomarkers of kidney function and dehydration among workers in three occupations and trend over categories
ordered by exposure to occupational heat stress (sugarcane > construction > farming), municipalities of Chinandega and

Leon, Nicaragua, 2013

p Value:

Sugarcane  Construction  Farming differences p Value:
Variable (N=86) (N=56) (N=52) between groups*  trendf
(A) Indicators of kidney function
BUN (mg/dL), mean+SD (range) 13.9+5.0% 10.15.1 9.2+3.6 <0.001

(6.0-28.4) (4.1-30.0) (4.0-22.0)
BUN >20 mg/dL (%) 15.1% 5.4 1.9 0.017 0.003
Serum creatinine (SCr) (mg/dL), mean+SD  0.84+0.39 1.00+£1.16 0.78+0.22 0.393
(range) (0.44-2.39)  (0.49-8.84) (0.51-1.83)
SCr>1.2 mg/dL, % 17.49 8.9 5.81 0.088 0.024
eGFRckp.gpi, mean+SD (range) 12131 118+30 125+18 0.299

(34-160) (7-161) (49-158)
eGFRokp.£p1 <80 mUmin/1.73 m?, % 16.31 8.9 1.91 0.025 0.003
S-UA (mg/dL), mean+SD (range) 6.0+1.7 5.8+1.6 5.0+1.1% 0.001

(3.0-12.7) (3.6-11.0) (2.9-8.1)
S-UA »>7.2 mg/dL, % 17.4 16.1 5.8 0.136 0.055
Proteinuria >30 mg/dL, % 14.7 5.4 6.1 0.128 0.081
Leucocytes in urine, % 211 0 1.9 <0.001 <0.001
Nitrites in urine, % 0 0 0 - -
Blood in urine, % 5.8 1.8 1.9 0.339 0.186
(B) Indicators of dehydration
Urinary specific gravity >1.030, % 15.3 28.6 20.4 0.161 0.255
Urinary pH <5.5, % 29.4% 12.5 12:2 0.014 0.006
BUN/SCr ratio >20, % 25.6% 0 3.8 <0.001 <0.001

*p Value for differences between groups: ANOVA for normally distributed continuous variables, Kruskal-Wallis for not hormally distributed

continuous variables, ¥ test for categorical variables.
tGamma statistic for trend over ordered categories.
1Significantly different from the other two categories in post hoc tests.

ISignificant difference only between sugarcane cutters and construction workers.
BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate; SCr, serum creatinine; S-UA, serum uric acid.
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cutters more commonly had an elevated BUN/SCr ratio
(26% vs 0 and 4% of construction workers and farmers,
p<0.001). Trends over ordered categories were significant
for urinary pH and BUN/SCr ratio. Although sugarcane
cutters as a group had a lower prevalence of concentrated
urine, within the group low fluid intake was strongly asso-
ciated with concentrated urine (OR 3.5, p=0.06) and
acidic urine (OR 8.7, p<0.001), which was not the case
among construction workers and farmers (table 4).

Risk factors for reduced kidney function

In bivariate analyses of differences in kidney, urinary
and metabolic biomarkers, work practices, hydration
practices and lifestyle  characteristics  hetween
subjects with reduced kidney function (eGFR <80 mL/
min/1.73 m? and subjects with normal kidney
function (eGFR >80 mL/min/1.73 m?) (see online
supplementary table S1), reduced kidney function was
significantly associated with work as a sugarcane cutter,
high intake of water, low intake of sugary beverages,
increasing age, low haemoglobin and high tobacco con-
sumption. In analyses restricted to sugarcane cutters the
results were similar and, in addition, workers with
reduced kidney function had cut cane for a considerably
longer time than those with normal kidney function
(cumulative time on the job: median 108 vs 60 months,
p=0.06). Sugarcane cutters with reduced kidney function
reported almost three times higher water intake and
three times lower intake of sugary beverages than cutters
with normal kidney function, with only one of the 14
reporting intake of the electrolyte solution. In addition,
the cane cutters with reduced kidney function had a
worse lipid profile than those with normal kidney

Open Access

function and more often had hypertension, but none
had diabetes or hyperglycaemia and only one was over-
weight (see online supplementary table SI).

In backwards stepping multivariate linear regression
analyses with inclusion of variables with p<0.10 in the
bivariate analyses (except haemoglobin due to missing
data), age (B -1.3, 95% CI -1.8 to —0.8; p<0.001) and
SUA (B -10.4, 95% CI -12.2 to -8.5; p<0.001) were sig-
nificantly associated with reduced kidney function
among all workers, which was identical in models with
total fluid intake and with intake of water and sugary
beverages separately (table bA). In the subset of sugar-
cane cutters, too many variables had a p value <0.10 in
bivariate analyses (see online supplementary table SI)
and therefore the regression was done in two steps.
Hypertension, lipid profile tests and blood sugar were
not associated with reduced kidney function in a model
also including age and S-UA (data not shown) and were
not further considered. In a model with water intake,
intake of sugary drinks (without electrolyte solution)
and intake yes/no of electrolyte solution, age, S-UA,
high tobacco consumption and high alcohol consump-
tion (table 5B), reduced kidney function was associated
significantly with age and SUA and nonsignificantly
with the intake of electrolyte solution (B 8.1, 95% CI
-1.2 to 175, p=0.09). Age and cumulative months on
the job correlated (r, 0.68, p<0.001), and substituting
age with time cutting cane yielded similar results.

DISCUSSION
This study found evidence for more frequent heat stress,
dehydration and kidney dysfunction among sugarcane

Table 4 Associations between low intake of fluids and markers of dehydration among sugarcane cutters (n=86) and
non-cutters (construction workers and small-scale farmers) (n=108)

USG >1.030*
OR (95% CI)
Lowest quartiles of fluid intake p Valuet pH <5.5* BUN/SCr ratio >20*
Total fluids <2.5 L
Sugarcane cutters (n=16) 3.5 (1.0t0 13) 8.7 (2.6 t0 29) 1.2 (0.3 10 4.3)
p=0.06 p<0.001 p=0.67
Construction workers and farmers (n=32) 1.4 (0.5 t0 3.5) 2.3(0.7t07.5) -t
p=0.51 p=0.17
Water <1.5L
Sugarcane cutters (n=16) 3.0 (0.7 to 12) 2.9 (0.910 9.6) 2.3 (0.7t0 7.3)
p=0.14 p=0.08 p=0.17
Construction workers and farmers (n=32) 1.9 (0.7 t0 4.9) 1.7 (0.5 to 5.6) I
p=0.18 p=0.42
Sugary drinks <0.75 L
Sugarcane cutters (n=28) 2.5(0.7109.2) 25(0.9t07.1) 0.3 (0.2t0 1.1)
p=0.16 p=0.08 p=0.08
Construction workers and farmers (n=21) 1.8 (0.6 t0 5.2) 0.7 (0.2; 3.6) I
p=0.28 p=0.69

*Markers of dehydration: high USG (>1.030), acidic urine {urinary pH <5.5), high BUN/SCr ratio (>20).
1The ORs and 95% Cls for water and sugary drinks are adjusted for each other.

$Not computed because only two nen-cutters had BUN/SCr ratio >20.

BUN, blood urea nitrogen; SCr, serum creatinine; USG, urinary specific gravity.
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Table 5 Multivariate linear regression models of estimated glomerular filtration rate (€GFRckp.ep)) @mong all workers
(sugarcane cutters, construction workers and farmers) and restricted to sugarcane cutters

B coefficient Standardised
(95% ClI) p coefficient p Value Adjusted R®
(A) All subjects (N=194)
Step 1
Water intake (L) —0 7(-1.7t003) -0.08 0.15 0.47
Sugary beverages intake (L) .2 (-0.8103.3) 0.06 0.24
Sugarcane cutter ever 6 (2.5 t0 9.6) 0.07 0.25
Age (years) —1 2( 1.7t0 -0.6) -0.24 <0.001
Serum uric acid (mg/dL) -10.0 (-12.0to -8.1) -0.57 <0.001
High tobacco consumption —4 5(-116t027) -007 0.22
High alcohol consumption .2 (-5.6t08.1) 0.02 0.72
Final step
Age (years) -1.3(-1.8t0-0.8) -0.27 <0.001 047
Serum uric acid (mg/dL) -10.4 (-12.2 to -8.5) -059 <0.001
(B) Sugarcane cutters (N=86)
Step 1
Water intake (L) —0 7(-19t005) -0.09 025 058
Sugary beverages intake (without electrolyte solution) (L) .2 (-3.7106.0) 0.04 0.63
Electrolyte solution (yes/no) 4 (—4.510 17.3) 0.10 0.24
Age (years) —1 7( -25t0-08) -0.29 <0.001
Serum uric acid -10.9(-13.8: -8.1) 059 <0.001
High tobacco consumption -10.1 (22510 2.3) -0.12 0.11
High alcohol consumption -78(-1951t%39) -0.10 0.19
Final step
Age (years) -1.9(-2.7t0-1.1) -0.34 <0.001 0.57
Serum uric acid (mg/dL) -11.3(-14.0to -8.6) —0.61 <0.001
Electrolyte solution (yes/no) 8.1 (-1.2t0 17.5) 0.13 0.09

cutters, as expected, and to a lesser degree also reduced
kidney function among construction workers but not
among smallscale farmers. Also, as expected, SUA
levels increased with decreasing eGFR.

Evidence of reduced kidney function

We used a cutoff of eGFR of 80 mL/min/1.73 m? to
evaluate differences in renal function because only 11
workers had eGFR <60 due to their young age (all
under age 40) and also because sugarcane workers were
screened by employers before the start of the harvest
2 months earlier and workers with SCr >1.2 mg/dL were
not hired and, thus, were not part of our study popula-
tion. Despite this, approximately one-quarter of sugar-
cane cutters had evidence for either eGFR <80 mL/
min/1.73 m®, SCr >1.2 mg/dL or proteinuria >30 mg,
and these findings were, respectively, eight-, three- and
twofold more common than those observed in subsist-
ence farmers and about twofold more common than in
construction workers (table 3). However, although to a
lesser degree than cane cutters, construction workers
also had an unusually high prevalence of decreased
kidney function, which is in accordance with a previous
unpublished study in the same area.”” In contrast, the
single smallscale farmer with reduced kidney function
had worked previously in sugarcane. Thus, our results
show that not all agricultural workers are at increased
risk for CKD, as is commonly stated, but rather workers

in certain types of agriculture and other jobs in the heat
such as work in the construction industry. The absence
of reduced kidney function among subsistence farmers
is consistent with a study in a MeN epidemic area in El
Salvador, where subsistence farmers without a history of
plantation work had a significantly lower prevalence of
abnormal SCr than men who had worked on sugar or
cotton plantations (15% vs 33%). % Reduced kidney
function was accompanied by a higher frequency of
anaemia among sugarcane cutters (36% vs 4-9% in the
other groups). The prevalence of anaemia was higher
than the prevalence of reduced kidney function and
cannot be simply ascribed to the higher frequency of
reduced renal function. Marked anaemia, defined as Hb
<10 g/dL, was not observed in any of the groups.
Reduced kidney function was not associated with trad-
itional risk factors for CKD. Notably, there were no cases
of confirmed diabetes in the entire population.
Importantly, sugarcane workers showed significantly
worse renal function despite an overall lower frequency
of abnormal lipid profile, hypertension and obesity com-
pared with the other two groups (see table 1).
Increasing age (>50 years) is a known risk factor for
CKD, but in our study increasing age was associated with
a decline in renal function despite the young age of the
study participants. This is possibly related to an
increased risk with continued job exposure over time, in
particular among the sugarcane cutters. Thus, our study
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suggests that most cases of reduced kidney function are
related to MeN and not classic CKD.

Evidence for heat stress

There was evidence for a greater risk of heat stress
among sugarcane cutters. Sugarcane cutters laboured at
a faster pace, had less exposure to shade, reported more
weight loss during the ongoing harvest and had more
fainting episodes. While sugarcane cutters had greater
heat stress exposure, they also drank more fluids during
the course of the day, amounting to an average of 6.2 L
per day (although this varied considerably, with approxi-
mately 20% drinking <2.5L/day and 40% >7L/day).
However, the type of exertion and sweating that occurs
with cane harvestingll_13 could still result in a dramatic
loss of fluids such that dehydration can occur despite
high fluid consumption. Cade et af® found that college
foothall players could lose as much as 8 quarts (about
7.6 L) of water in a 2-hour period, associated with loss of
salt, decrease in blood glucose and a fall in blood
pressure.

Potential mechanisms involved in inducing kidney

lamage

Daily heat stress and dehydration may cause repeated
renal hypoperfusion episodes, and intermittent subclin-
ical rhabdomyolysis associated with excessive exertion
may also induce repeated acute kidney injury through
the release of inflammatory mediators including oxi-
dants, cytokines and uric acid which, over time, leads to
CKD.*® Experimental evidence has shown that repeated
exposure to heat stress caused a reduction in renal func-
tion accompanied by histological evidence of tubuloin-
terstitial damage.19 Heat stress is known to raise S-UA
levels, in part from subclinical rha\bdomyolysis29 but also
from reduced renal blood flow.* In turn, hyperuricae-
mia is a well-known risk factor for CKD*! and mediates
both glomerular and tubulointerstitial disease in
animals.>*%* Interestingly, S-UA levels tended to be
highest in both sugarcane workers and construction
workers, with 16-17% of these individuals having hyper-
uricaemia compared with 6% of subsistence farmers.
Furthermore, we found that the presence of hyperuri-
caemia was independently and strongly associated with
declining renal function —that is, for each increase of
1 mg/dL SUA there was an average decline of 10 mL/
min in kidney filtration (see table 5). However, since
reduced renal function can also result in increased uric
acid levels due to impaired excretion, the causal role of
uric acid in reduced kidney function cannot be
determined.

Recently we hypothesised that renal injury could be
occurring in sugarcane workers due to cyclical urico-
suria with crystal formation.® According to this
hypothesis, SUA might rise as a consequence of subclin-
ical rhabdomyolysis, followed by its crystallisation in the
urine. One factor that increases the risk of urate crystal
formation is acidic urine, which could result from the

Open Access

release of lactic acid associated with strenuous exercise
and the effects of dehydration to reclaim sodium with
hydrogen ion excretion. Urine pH was significantly
lower in the sugarcane workers compared with the other
groups (see table 3) and was strongly associated with low
fluid intake on the previous (work) day in the subset of
sugarcane workers (see table 4). This might reflect the
effects of greater volume depletion (with aldosterone
stimulation), lactic acid generation during the previous
day, or other mechanisms.

Hydration and fructose

We had expected that low water intake or high sugary
fluid intake would be associated with reduced renal
function, based on studies in animals.”® ** However,
workers with eGFR <80 mL/min/1.73 m® drank more
water and consumed fewer sugar-based drinks during
the workday than subjects with normal kidney function
(4.5 vs 2.2 L water, p=0.08; 0.6 vs 1.25 L sugary beverages,
p=0.001) (see online supplementary table S1). This was
particularly so among the sugarcane cutters with
reduced kidney function who drank about 4L more
water and 1 L less sugary beverages. Excessive thirst from
decreased concentration capacity of impaired kidneys
may partially explain these counterintuitive findings, as
well as the very high water requirements during the
heavy labour of sugarcane cutting.12 12 Although low
fluid intake was clearly associated with concentrated
urine among sugarcane cutters (USG >1.030: OR 3.5,
p=0.06) (see table 4), cutters in the quartile with the
highest fluid intake did not have a decreased risk of con-
centrated urine (OR 1.3, p=0.70) while high fluid intake
among non-sugarcane workers appeared to be prevent-
ive (OR 0.10, p=0.06). Salvadorian cane cutters who con-
sumed amounts of fluid comparable to the Nicaraguan
cutters were found to have insufficient fluid intake
under their work conditions.'!

Sugary beverages that contain fructose are known to
increase the risk of albuminuria®® and can induce renal
injury in laboratory animals.?® However, fructose is also a
component of sports drinks and fluid resuscitation
packets containing glucose and electrolytes that might
be beneficial to the volume and water depleted, such as
by providing glucose that may prevent or treat any asso-
ciated hypoglycaemia or by helping to maintain blood
pressure due to the fructose cornponenL37 % In our
study, the intake of electrolyte solutions tended to be
associated (p=0.09) with improved kidney function in
multivariate analyses (see table 5). One study in
Nicaragua found that, for each 100 mL electrolyte hydra-
tion packet consumed during the workday, the eGFR of
cane cutters increased by 7 mL/min/1.73 m? over the
course of one harvest season.’’ These issues need to be
assessed with prospective studies that examine overall
fluid balance by measuring fluid intake as well as losses
during work, such as pre- and postshift weight and
serum and urine osmolarity.
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Other risk factors for kidney disease

There was no association with NSAIDs or alcohol intake.
A history of high tobacco consumption was more fre-
quent among subjects with reduced kidney function
(p=0.02) but lost significance in multivariate analyses. A
history of pesticide exposure was more common among
farmers, although exposure to herbicides was more
common among sugarcane cutters, especially glyphosate
and 2,4D, both of special interest. However, analyses
failed to identify pesticide exposures as an independent
risk factor for reduced kidney function (see online
supplementary table S1).

Study limitations

The main limitation of our study is its crosssectional
design. The kidney function parameters are based on
single determinations in blood and urine without a
chronicity criterion (presence during at least 3 months)
for a proper clinical diagnosis of CKD.* Recently, atten-
tion has been drawn to the fact that single biomarker
determinations and consequent categorisations into
CKD stages based on a cut-off value, without consider-
ation of age- and sex-specific criteria for GFR, are inad-
equate as the basis for population-based CKD
prevalences because these practices can lead to overdiag-
nosis among the elderly and underdiagnosis in younger
age groué)s, with large unexplained differences between
nations.** * However, the main purpose of our study is
not a clinical diagnosis but to distinguish differences in
kidney function parameters between three occupational
groups of the same sex and same young age distribution,
and comparisons therefore remain valid on the group
level. In addition, in the same region, at the time of this
study, we also followed a small group of heat-exposed
sugarcane cutters and a group of control workers unex-
posed to heat over the harvest season. The cutters
showed an important decline in kidney function,42
which provides support for the crosssectional findings,
although no cohort data exist for construction workers
or farmers.

Another limitation is that our heat exposure and
hydration data were self-reported, but these data were
collected through carefully designed questionnaires.
Workers were asked to fast and did not consume any
food before providing blood and spot urine samples
between 05:30 and 06:00 hours (see Methods), but
they did ingest water or other fluids during the
evening, night and early morning. Nonetheless, we
observed a lower U-pH and more frequent high
BUN/SCr ratio among cane cutters and, to a lesser
extent, among construction workers compared with
subsistence farmers, which is an indication of incom-
plete recovery of adequate hydration status after the
previous work day among the heat
stress-exposed workers.

Our sample size was based on a pre-study power calcu-
lation of 80% to detect CKD among 100 sugarcane
cutters andl00 non-cutters at o 0.05. Post hoc, we

more

achieved a power of 0.68 for an increased risk of
reduced eGFR among cutters versus non-cutters, but the
post hoc power of the comparison between cutters and
farmers was 80%. Therefore, our results seem suffi-
ciently reliable, also considering the significant trends
for indicators of heat stress, dehydration and kidney dys-
function in support of our main hypothesis of cane cut-
ting>construction>farming. Finally, we did not have
resources for examining biomarkers of early damage
such as neutrophil gelatinase associated lipocalin
(NGAL) and N-acetyl3-D-glucosaminidase (NAG),
which are important to include in future studies.

CONCLUSIONS

Compared with construction workers and, in particular,
subsistence farmers from the same MeN epidemic
region of Nicaragua, sugarcane cutters have higher heat
stress, more dehydration and worse renal function
despite the fact that other health indicators of the
cutters were significantly better. Our study supports the
need for improved work practices and even more hydra-
tion with adequate access to water for sugarcane cutters,
as well as for workers in other hot occupations such as
construction. The associations between intake of water
and sugary drinks and kidney function as well as the
role of hyperuricaemia need to be assessed in carefully
designed follow-up studies.
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LETTER

In reply to: “Should we
consider renaming
‘Mesoamerican Nephropathy'
as Nephropathy of Unknown
Cause in Agricultural
Labourers (NUCAL)?"

We, from the Consortium on the Epidemic
of Nephropathy in Central America and
Mexico (CENCAM), read with interest
Drs Subramanian and Javaid’s letter,!
regarding Mesoamerican  Nephropathy
(MeN), a name assigned to a type of
chronic kidney disease (CKD) not related
to classic risk factors and also referred to
as CKD of unknown (CKDu) or non-
traditional causes. MeN is highly prevalent
in Central America and a major health
problem.”

We agree with the authors that it is
important to focus attention on the occu-
pational component of this disease, and
therefore on its preventable nature.
Nevertheless, we consider it premature and
inappropriate to rename MeN and other
regional nephropathies as Nephropathy of
Unknown Cause in Agricultural Labourers
(NUCAL). First, this would imply that
there is enough evidence to confirm that
what is being described in Mesoamerica
and other CKDu epidemics in developing
nations (ie, Sti Lanka, India, Egypt) are
manifestations of a single wotldwide or
multiregional disease. Moreover, the demo-
graphics reported in Mesoamerica and Sti
Lanka are different. As an example, MeN
is not limited to agricultural labourers
only,> * as the proposed name implies.
In addition, histopathology in kidney bio-
psies from Mesoamerica and Sti Lanka,
while having important similarities, suggest
a predominantly tubulointerstitial type of
disease with glomerulosclerosis, a non-
specific histological pattern that does not
provide at present significant information
in relation to causality or prove a single
entity”

We believe that population-based,
epidemiological, clinical and histopatho-
logy studies comparing between regions

..... A

are urgently needed. While the exact
pathogenesis of MeN s still uncertain and
could be multifactorial, there is increasing

evidence that strenuous occupational
physical activity in hot environments
without appropriate rest and rehydration
may be playing an important role.®

Beyond any name discussion, we join
the authors’ plea for global awareness,
and emphasise the urge for international
action against this epidemic. There is
limited access to proper renal replacement
therapy in most of the affected nations.
Progression to end stage renal disease is
common among those suffering from
MeN, and mortality is high.®> Endemic
pockets of CKDu have become a true
humanitarian crisis. Collaboration globally
among researchers, clinicians and other
stakeholders will surely advance under-
standing. Funding and support for studies
wherever CKDu is endemic is needed
now, to clarify the disease’s actiology, in
order to enable evidence-based preven-
tion, and to combat its toll.?
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ARTICLE INFO ABSTRACT

Article history: Background: Chronic kidney disease is common among sugarcane workers in Central America. The main
Received 21 December 2015 risk factor seems to be repeated high-intensity work in hot environments. Several cross-sectional studies
Received in revised form have been performed but few longitudinal studies.
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Objectives: The aim of the study was to examine whether kidney function changes over a few months of
Accepted 1 February 2016

work during the harvest period.
Methods: A group of male sugarcane cutters in Nicaragua (N=29, aged 17-38 years) was examined with

Keywords: renal biomarkers before and after shift on the first day at the start of harvest, on the sixth day during
Chronic kidney disease acclimatization, and then in mid-harvest 9 weeks later. A reference group (N=25, mainly office workers)
Heat stress was examined with the same biomarkers at start of harvest, and then at end of harvest 5 months later.
Occupational Results: The pre-shift renal function decreased significantly during 9 weeks of work in the cane cutters,
;g;k Mean serum creatinine increased (20%), mean estimated glomerular filtration rate decreased (9%, 10 mL/
NGAL min), serum urea N (BUN) increased (41%), and mean urinary neutrophil gelatinase-associated lipocalin
KIM-1 (NGAL) increased (four times). The cane cutters also developed cross-shift increases in these biomarkers,
Hsp72 in particular serum creatinine and BUN, and in urinary uric acid. The longitudinal decrease in eGFR

tended to be associated with the cross-shift increase in serum creatinine.
Conclusions: There was a remarkable decrease of glomerular kidney function, after only 9 weeks of
harvest. The cross-shift increase in serum creatinine may be caused by dehydration (pre-renal dys-
function), and when repeated on a daily basis this may cause permanently reduced GFR.

© 2016 Elsevier Inc. All rights reserved.

- 1. Introduction
Abbreviations: BMI, Body mass index; CKD, Chronic kidney disease; eGFR, esti-

mated glomerular filtration rate; KIM-1, Kidney injury molecule 1; MeN, Mesoa- i . " .
merican nephropathy; NGAL, neutrophil gelatinase-associated lipocalin; Hsp72, The recognition of Mesoamerican Nephropathy (MeN)-also la

Heat shock protein 72 kD; NSAIDS, Non-steroid anti-inflammatory drugs; RAAS, belled Chronic Kidney Disease of non-traditional origin (CKDnt) -

renin-angiotensin-aldosterone system as an epidemic in Central America, has led to the publication of a
*® . e .

Correspondence to: P.B 414, SE 405 30 Gothenburg, Sweden. number of reports examining risk factors and causal hypotheses

E-mail addresses: inekewesseling@gmail.com (C. Wesseling), : b1 i
auroraragon@gmail.com (A. Aragén), marvin99_00@yahoo.es (M. Gonzdlez), (Wesseling et al, 2014; Correa-Rotter et al,, 2014). Experimental

ilana@laislafoundation.org (I. Weiss), jason@laislafoundation.org (. Glaser), studies have also been performed (Roncal Jimenez et al, 2014).
nab@biomedicas.unam.mx (N.A. Bobadilla), tamara harra@ucdenver.edu, To date the findings have shown that the epidemic primarily
Carlos Roncal@ucdenveradu (C. Roncal-Jiménez), affects males working in heavy manual labor in hot environments,
correarotter@gmail.com (R. Correa-Rotter), p B 4 i y ;
Richard Johnson@ucdenver.edu (RJ. Johnson), mainly living in the coastal lowlands. There is generally no history
lars barregard@amm.gu.se (L. Barregard). of diabetes or hypertension and no substantial proteinuria. Kidney

http://dx.doi.org/10.1016/j.envres.2016.02.002
0013-9351/@ 2016 Elsevier Inc. All rights reserved.

273



126 C. Wesseling et al. / Environmental Research 147 (2016) 125-132

biopsies have shown a tubulointerstitial pattern with tubular
atrophy and interstitial fibrosis, but also global glomerulosclerosis,
often with an ischemic component (Wijkstrom et al., 2013; Lopez-
Marin et al, 2014).

The main hypothesis to account for the disease is heat stress
with repetitive episodes of dehydration {Peraza et al., 2012; Brooks
et al, 2012; Wesseling et al, 2014; Correa-Rotter et al., 2014;
Garcia-Trabanino et al, 2015). Suggested pathophysiologic me-
chanisms driven by strenuous work and heat stress include sub-
clinical rhabdomyolysis (Paula Santos et al,, 2015), effects of hy-
peruricemia and hyperuricosuria (Knochel et al., 1974; Johnson,
2015; Roncal-Jimenez et al., 2015, 2016), hyperosmolality-induced
activation of the aldose reductase-fructokinase pathway in the
kidney, and vasopressin effects (Roncal Jimenez et al., 2014; Ron-
cal-Jimenez et al, 2015, 2016). It has also been proposed that the
disease is multifactorial, and could include additional factors such
as self-medication with nonsteroidal anti-inflammatory drugs,
exposure to heavy metals or pesticidesfagrochemicals, infections,
or genetic factors (Correa-Rotter et al, 2014; Herrera et al, 2014;
Laws et al,, 20153, 2015b; Ramirez-Rubio et al,, 2015; Wesseling
et al,, 2014).

Most of the epidemiological studies are cross-sectional popu-
lation based surveys. Two studies have examined cross-shift
changes in biomarkers of hydration and kidney function, over a
workday, in Brazil, (Paula Santos et al, 2015), and El Salvador
(Garcia-Trabanino et al., 2015), and two studies have performed a
follow-up of kidney function among sugarcane cutters over the
course of a harvest season, in Brazil (Paula Santos et al., 2015) and
in Nicaragua (Laws et al., 20153, 2015b). While the two studies on
cross-shift changes both show a decrease in renal function over a
cane cutting shift, the two longitudinal studies were not in
agreement, and the question of whether the pre-shift glomerular
function changes over a harvest period of several months still
remains unclear. The aim of the present study was to assess
longitudinal changes of kidney function over a harvest period in
sugarcane cutters as well as in a reference group. We examined
pre- and post-shift kidney function in sugarcane cutters at the
start of harvest, on day 1 and day 6 to assess acclimatization ef-
fects, and at mid-harvest two months later. A reference group of
non-cane cutters was examined at start and end of the harvest.

2. Methods
2.1. Setting and study design

The study was conducted in 2012-2013 in a convenience
sample of 29 sugarcane cutters from Leén and Chinandega mu-
nicipalities in the northern Nicaraguan Pacific region, and a re-
ference group (N=25, mainly office workers) from the same area.
The sugarcane cutters were examined “pre-shift” in the morning
between 3 and 5 am and “post-shift” between 4 and 7 pm at their
homes on the first day of the harvest in November 2012. The pre-
shift examination on the first day (called Cut1) was considered to
be the baseline. The examinations (pre- and post-shift) were re-
peated after 5 days of work (Cut2), and then 9 weeks later in
January 2013 (in the mid-harvest period; Cut3). The first (“pre-
shift” 7-9am and “post-shift” 4-6 pm) examination of the re-
ference group was at their work places in November 2012 (Ref1),
while the repeated examination was performed at the end of the
harvest season in May 2013 (Ref2), again at their workplaces.
Originally, a fourth examination of the cane cutters was planned
for the end of the harvest in May 2013, together with the reference
group, but due to removal of participating workers from their jobs
in February 2013, this could not be realized, apart from a small
number (n=7) of post-shift urine samples.

2.2, Participants

Community leaders of six villages in the municipalities of Ledn
and Chinandega provided lists of men who planned to work as
sugarcane cutters. Information meetings were held with these
workers in their communities. An invitation to provide blood and
urine for a screening test was made to those who were confirmed
to be enrolled as sugarcane cutters at plantations of the mill in the
study area. The aim was to recruit young healthy men. In total 92
sugarcane cutters < 40 years of age participated in the screening
test {blood tests for glucose, creatinine, uric acid, lipids, cell count,
as well as a urine test with dip-stick and examination of sedi-
ment). These analyses were performed in the laboratory of the
Medical School of UNAN-Léon. In 45 of them serum creatinine was
> 1.1 mg/dL, the strict pre-set exclusion criterion. Another 15 had
abnormal results in at least one of the other tests, or a history of
diabetes or hypertension. Thus only 32 workers met the inclusion
criteria ( <40 years of age, serum creatinine < 1.0 mg/dL and all
other lab tests within the reference values; in addition no known
diabetes, hypertension or kidney disease). Three men decided not
to participate, leaving 29 subjects for the study.

A reference group without known diabetes, hypertension or
kidney disease was recruited at the town halls near the sugarcane
plantations. The group included mostly office workers, but also
five persons with a predominantly outdoor job, albeit without
major physical effort.

All participants signed a written informed consent to partici-
pate in the study, in accordance with the Declaration of Helsinki.
The study was approved by the Ethical Review Board of UNAN-
Ledn, Nicaragua, and the Instituto Nacional de Ciencias Médicas y
Nutricién, Salvador Zubiran, Mexico.

The work conditions were similar to those described previously
for sugarcane cutting in this region (Crowe et al., 2015; Garcia-
Trabanino et al,, 2015).

2.3. Medical examinations

Blood pressure was measured by a technician with a calibrated
digital sphygmomanometer (Omron BP710N, Omron Healthcare
Inc.,, Bannockburn, USA) with the participant seated after resting
for at least 10 min. Body weight was measured with a calibrated
Seca 803 digital flat mobile scale (Seca, Birmingham, UK} with
minimal clothing and height with a foldable stadiometer (Seca,
Birmingham, UK. Certified technicians collected blood samples in
three vacuum tubes (Becton Dickinson & Co., USA), one tube with
anticoagulant for blood cell count and two tubes with clot acti-
vator and gel for serum separation. All samples were placed on ice
and transported immediately to the laboratory at the Research
Center on Health, Work and Environment (CISTA) at UNAN-Ledn,
where they were centrifuged at 3500 RPM for 10 min at room
temperature and the serum was separated into four labeled
cryovials and stored at —80°C.

Each participant delivered a spot urine sample (50 cc) in a
sterile polypropylene container (Becton Dickinson & Co., USA),
which was aliquoted into vacuum tubes, one with and two with-
out preservative immediately at the participant’s home, placed in
an icebox (4°C) and then transported to the laboratory at the
Research Center on Health, Work and Environment (CISTA) at
UNAN-Leon, where aliquots were frozen at —80 °C. Serum and
urine aliquots were later sent to the Instituto Nacional de Ciencias
Médicas y Nutricién, Salvador Zubiran, Mexico (about seven
months after collection), and urine aliquots to the University of
Colorado Denver (within a month).

Baseline data were recorded by trained interviewers using a
questionnaire recording data on age, education, smoking, alcohol,
and some other background factors, as well as health (medically
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diagnosed diseases and nephrotoxic medications), and work
history.

24. Biochemical analyses

Sodium, potassium, calcium, uric acid, urea nitrogen (“BUN"),
phosphate, and creatinine in serum were measured in Mexico City
with an autoanalyzer (UniCel DxC 600, Beckman Coultier). Crea-
tinine was calibrated against creatinine determined by isotope
dilution mass spectrometry. Urine neutrophil gelatinase-asso-
ciated lipocalin (uUNGAL) and Kidney Injury Molecule 1 (uKim-1)
levels were analyzed using commercially available enzyme-linked
immune absorbent assay (ELISA} kits; uNGAL from BioPorto Di-
agnostics and uKim-1 from BioAssay Works. All procedures were
performed according to manufacturers’ instructions. For urinary
heat shock protein 72 kD (Hsp72} detection by Western blot, 10 uL
of each urine sample was loaded and resolved by 8.5% SDS-PAGE
electrophoresis and electroblotted, as previously described (Bar-
rera-Chimal et al,, 2011). Membranes were then blocked with 5%
blotting-grade non-fat dry milk and incubated in 0.1% blotting-
grade non-fat dry milk with monoclonal Hsp72 antibody, 1:5000
(ENZO Life Science). Then, the detection of Hsp72 in urine was
performed with goat anti-mouse antibody (1:5000 dilution)
overnight at 4 °C {Santa Cruz Biotechnology). Proteins were de-
tected with an enhanced chemiluminescence kit (Immobilon TM
Western Chemiluminescent HRP substrate, Millipore) and auto-
radiography, following the manufacturer’s recommendations. All
Western blot analyses were performed within the linear range of
protein loads and antibody use. The bands were scanned for
densitometric analysis (E3 Bioctem Imaging System UVP, Upland
CA) and densitometry was performed using Vision Works Soft-
ware UVP.

Dipstick analyses of urine were also performed in connection
with urine sampling using a Bayer Clinitek 50 Urine Chemistry
Analyzer with Multistix 105G reagent strips (Siemens Diagnostics,
United States) for semi-quantitative measurements of proteinuria
(at levels of >30 to <300 mg/dLand > 300 mg/dL, glucosuria (+
at =100 mgfdL), urinary specific gravity, pH, blood, nitrite, leu-
kocytes, bilirubin, ketones and urobilinogen.

Studies performed at the University of Colorado included
measurement of urine creatinine (Vet Ace analyzer), urine osmo-
larity (with Advance Micro Osmometer Model 3300) and urine pH
(using a pH meter). Urinary fructose was measured using the En-
zyChrom Fructose Assay Kit (BioAssay Systems, Hayward, CA).
Urine uric acid was measured using the QuantiChrom TM Uric Acid
kit assay (BioAssay systems) and included measurements of so-
luble uric acid and the uric acid in the pellet (the latter following
correction of the pH to 7).

To normalize for differences in urinary flow rate, each urinary
biomarker was adjusted for the urinary creatinine concentration.
Estimated glomerular filtration rate (eGFR) per 1.73 m? of body
surface area was calculated using the EPI-CKD formula based on
serum creatinine (Levey et al,, 2009).

2.5. Data analyses

Several variables were not normally distributed. Differences
between groups were tested with Wilcoxon rank sum test or
Fisher's exact test (for categorical variables). Differences between
pre- and post-shift results were tested by Wilcoxon's signed rank
test. Associations between variables were evaluated by the Pear-
son correlation coefficient (ry).

For the key renal biomarker differences in sugarcane cutters
between baseline (Cut1) and follow-up 9 weeks later (Cut3), as
well as differences in referents between baseline (Ref1) and fol-
low-up 5 months later (Ref2), were assessed by a mixed effects

model. Skewed variables were log-transformed. In these models,
with separate covariance matrices for cutters and referents, sub-
ject was a random factor and group (cutters and referents), day
(first and last), and time (pre- and post-shift) were fixed effects.
The model included the fixed effects and a three-way interaction
term in order to assess the effect of group and day separately for
pre- and post-shift results.

All analyses were repeated after exclusion of one sugarcane
cutter who had a low eGFR already at baseline (sensitivity analy-
sis). P-values < 0.05 were considered statistically significant. Data
analyses were performed using SAS 9.4.

3. Results

Characteristics of the 29 sugarcane cutters and the 25 referents
are shown in Table 1. The mean age of the cane cutters was 25
years. The referents were somewhat older, had slightly higher BMI,
smoked slightly less, and used alcohol more often. In the inter-
views, one participant in each group reported hypertension, but
both of them had normal blood pressure at examination and they
did not take antihypertensive medications. Six cutters reported
ever use of NSAIDS >3 months versus one referent (P=0.11). In
spite of pre-screening, one sugarcane cutter had a low eGFR at
baseline, as determined post data collection at the laboratory in
Mexico City.

3.1. Cross-shift changes

For the sugarcane cutters, body weight, heart rate, blood
pressure, and results for serum and urine biomarkers over a work-
day at start of harvest (first and sixth work-day), and 9 weeks later
are shown in Table 2A. There were several cross-shift changes.
Body weight decreased somewhat on the first day, but not on the
other days. Serum creatinine and serum urea N increased over

Table 1

Characteristics of the study population of sugarcane cutters and the reference
group in Nicaragua, all men, at start of harvest. Mean, median (range) are shown for
continuous variables, % for smoking habits, and numbers (N) for medical
conditions.

Cutters (N=29) Reference group P-value
(N=25)
Age, years 25,24(17-38) 30,31(19-38) <0001
Body weight, pre-shift 64, 60 (50 - 89) 75,74 (52 -103)  «0.001
Height, cm 165,166 (152 - 169,169 (159 - 178) 0.002
173)
BMI, mean 24,23(18-31) 26,27(18-34) 001
Current smokers, %* 45 28 0.26
Ex-smokers, % 10 16 069
Current use of alcohol, % 41 72 003
Years of schooling 3,3(0-10) 13,16 (0 - 16) <0.001
Hypertension, N° 1 1
Diabetes, N° 0 0
Nephrolithiasis, N” 1 0
NSAIDs, N 6 1
Nephrotoxic antibiotics, N° 0 1
S-creatinine (mg/dL), pre- 096, 0.85 (0.65 0.33,081(045- 007
shift* - 24) 131)
eGFR mLjmin/1.73 m" 11,118 37 - 116,120 (75 - 151) 049
141)

* Mean number of cigarettes smoked per day was 7 in cane cutters and 4 in
referents.

b Ever suffered (self-reported).

¢ Used for > 3 months.

4 Gentamycin (at least one week in the past year).

® Workers were pre-screened for S-creatinine before harvest, and none had
S-creatinine > 1.0 mg/dL by that time.

" One cutter had reduced eGFR ( < 60 mLminf1.73 m?).
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Body weight, pulse rate, blood pressure, and results for serum and urine biomarkers over a work-day at start of harvest (first and 6th day) and 9 weeks later in 29 sugarcane
cutters. Median (10-90-percentiles) or number (N) is given. P-values (Wilcoxon's signed rank test) for cross-shift changes are only presented if < 0.05.

Day Cutl P-value Cut2 P-value Cut3 P-value
Nov 2012 cross-shift Nov 2012 cross-shift Jan 2013 cross-shift
first work-day change sixth work-day change change
N=29 N=29 N=28 N=26 N=28 N=25

Body weight Pre (kg) 595 (57 - 80) 595 (57 - 80) 584 (55 - 72)

Body weight change -04(-14-07) 0.02 02(-10-13) 03(-08-13)

Pulse rate Pre (per min) 63 (50-84) 61 (50 - 74) 58 (45 - 68)

Pulse rate change 10 (15 - 27) 0.005 19(2 - 30) <0.001 11 (2 - 25) <0001

Systolic BP Pre (mm Hg) 130 (117 - 134) 122 (106 - 138) 118 (103 - 127)

Systolic BP change -7(-23-21) 0.05 1(-18-19) 2(-11-10)

Diastolic BP Pre (mm Hg) 83 (73 - 92) 81(61 - 95) 80 (64 - 86)

Diastolic BP change -2(-19-8) 0.04 -1(-13-10) -3(-12-3) 0.01

Serum biomarkers

S-creatinine Pre (mg/dL) 0.85(0.67-12) 0.94 (0.67 - 13) 095 (0.77 - 16)

S-creatinine change 0.12(-0.04-021) <0.001 0.06 (-0.01 - 0.15) <0.001 0.08 (-012 - 035) 0.02

S-urea N Pre (mgfdL) 104 (75 -17) 105 (6.7 - 16) 15.9 (8.9 - 20)

S-urea N change 14(-14-43) 0.002 09(-16-3.7) 0.01 12(-32-35)

S-uric acid Pre (mg/dL) 57 (43-175) 52(36-71) 55(45-72)

S-uric acid change -01(-07-05) 02(-02-07) 0.003 02(-07-10)

S-glucose Pre (mg/dL) 70 (60 - 86) 77 (65 - 84) 83 (76 - 93)

S-Na Pre (mmol/L) 141 (138 - 144) 140 (138 - 142) 140 (138 - 142)

S-Na change 01(-22-25) 02(-15-17) —05(-21-21)

S-K Pre (mmol/L) 43(36-52) 43 (36-47) 40(34-48)

S-K change -05(-12-103) -01(-05-105) -02(-09-05)

S-Ca (total) Pre (mg/dL) 96(91-102) 93 (8.7 - 98) 95(9.0-101)

S-Ca (total) change -010(-05-06) 015 (-03 - 05) 0.05 (-12-0.5)

S-phosphate Pre (mg/dL) 46(37-51) 44(35-52) 42(34-49)

S-phosphate change -02(-09-06) 0(-038-06) -04(-11-05) 0.005

Urine biomarkers

pH Pre 6(55-7) 6(55-7) 6(55-7)

pH change 05(-05-05) 0.02 0(-05-1) 0(-05-1)

NGAL Pre (ugfeCr) 93 (2 - 48) 18 (4 - 89) 17 (6 - 285)

NGAL change 14(-31-29) 2.8 (30 - 146) 63 (18 - 118)

KIM-1 (ng/gCr) Pre 47 (05 - 35) 11(0.8 - 98) 4.6 (0.6 - 50)

KIM-1 change -02(-17-34) 08 (-38-22) 28(-3-23)

Hsp Pre (N > LOD) 1 3 0

Hsp Post (N LOD) 7 3 3

Creatinine Pre(g/L) 0.86 (0.3 - 20) 051 (03 -17) 0.80 (0.3 - 15)

Creatinine change 004(-1-13) 012(-1-14) -001(-0.06 - 0.03)

Osmolality Pre 652 (356 - 923) 471 (332 - 836) 525 (350 - 877)

Osmolality change 50 (179 - 277) 46(-375 - 393) —1(282 - 125)

U-fructose Pre (pmol/gCr) 129 (64 - 458) 175 (80 - 312) 343 (119 - 686)

U-fructose change 15 (~201 - 312) 103 (-90 - 513) <0.001 114 (-157 - 583) 0.02

U-uric acid Pre (mg/gCr) 442 (304 - 653) 474 (332 - 810) 498 (310 - 1337)

U-uric acid change (mg/gCr) 74 (-127 - 256) 0.02 104 (-49 - 263) 0.01 25 (-80 - 536)

shift on all three sampling days. This was the case also if excluding
the cutter with a low eGFR at baseline. The cross-shift changes of
serum creatinine and serum urea N tended to be more marked in
the six workers reporting use of NSAIDS (P=0.053 for cross-shift
change of serum urea N at Cutl). The cross-shift changes in the
referent group were less pronounced (Table 2B). Uric acid in urine
increased over shift in the sugarcane workers, but not in the re-
ference group. There was also a tendency (P=0.052) towards a
cross-shift change in number of cutters with Hsp72 above the
detection limit at Cutl.

3.2, Longitudinal changes

Table 2 also shows changes over time for all individuals. Over
the nine-week period (first half of the harvest) the sugarcane
workers decreased in body weight, heart rate and blood pressure
pre-shift (Table 2A). In the reference group, re-examined after
5 months, body weight increased substantially, heart rate was
unchanged, while blood pressure decreased (Table 2B). For the
evaluation of longitudinal changes in key kidney function bio-
markers we restricted the analysis to individuals who took part in
examinations both at baseline and at end of follow-up (Table 3).
Serum creatinine increased substantially in the sugarcane cutters

over the nine-week period, pre-shift means from 0.98 mg/dL to
1.18 mg/dL, and serum urea N even more. Urinary NGAL also in-
creased substantially, as did urinary uric acid, although mainly
post-shift. Pre and post-shift serum phosphate and pre-shift ser-
um potassium decreased among cane cutters. Although there were
some changes in the reference group, the signs of deteriorated
renal function were more pronounced in the sugarcane cutters.
The mean estimated GFR decreased by 10 mL/min after only
9 weeks (reflecting the increase in serum creatinine), and in ad-
dition to one sugarcane cutter with reduced ( < 60 mL/min} eGFR
at start of harvest, two more cutters had reduced eGFR after nine
weeks (Cut3). Some changes occurred already in the first week
{see Table 2A): blood pressure decreased, urinary NGAL and KIM-1
increased, and there was a non-significant tendency towards an
increase in serum creatinine. The sensitivity analysis excluding a
cutter with low baseline eGFR showed that all statistically sig-
nificant longitudinal changes in kidney function shown in Table 3
remained significant (data not shown).

There was a tendency towards an association between the
cross-shift change of serum creatinine in the first week and the
longitudinal change of eGFR over 9 weeks (r,=—0.40, P=0.06 for
association between cross-shift change of serum creatinine at Cut1
and long-term change of eGFR over 9 weeks, and r,=-042,
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Body weight, pulse rate, and blood pressure over a work-day and 5 menths later in a reference group of 25 individuals. Median (10-90-percentiles) or number (N) is given.
P-values (Wilcoxon's signed rank test) for cross-shift changes are only presented if <0.05.

Day Refl Ref2
Nov 2012 P-value May 2013 P-value
cross-shift cross-shift
change change
N=25 N=25 N=25 N=25
Body weight Pre (kg) 74 (56 - 89) 80 (57 - 90)
Body weight change 0.0(0-15) 16 (-2 -45) 0.002
Pulse rate Pre (per min) 76 (63 - 85) 77 (65 - 82)
Pulse rate change 4(-4-15) 0.004 4(-8-19)
Systolic BP Pre (mm Hg) 119 (97 - 135) 111 (99 - 131)
Systelic BP change 3(-7-15) 2(-8-17)
Diastolic BP Pre (mm Hg) 81 (64 - 90) 72 (53 - 83)
Diastolic BP change -3(-15-12) 3(-6-18)
Serum biomarkers
S-creatinine Pre (mg/dL) 0.81(0.66 - 1.1) 085 (0.71 - 1.1)
S-creatinine change 0.08 (-0.02 - 0.29) <0.001 0.04 (-0.08 - 0.20)
S-urea N Pre (mg/dL) 96(7.2-14) 98 (6.3-13)
S-urea N change 12(-21-57) 0.02 10(-09-37) 0.002
S-uric acid Pre (mg/dL) 5.5 (40 - 81) 5.7 (41-74)
S-uric acid change 00(-07-07) -03(-06-07)
S-glucose Pre (mg/dL) 81(68 - 95)
S-Na Pre (mmol/L) 140 (137 - 143) 140 (]38 142)
S-Na change 08(-2-3) 08(-2-4)
S-K Pre (mmol/L) 44(38-50) 42(38-47)
5-K change -03(-10-03) 01 (-04 - 04)
S-Ca (total) Pre (mg/dL) 91 (8.7-96) 9.2 (8.7-95)
S-Ca (total) change ( 04-07) 00(-03-04)
S-phosphate Pre (mg/dL) 5(29-42) 35(26-38)
S-phosphate change 0.7 (-07 - 14) 06 (0.0 - 16)
Urine biomarkers
pH Pre 6(5-7) 65 (5.5 - 75)
pH change 0(-1-1) 0(-05-05)
NGAL Pre (pg/eCr) 6.4 (09 - 22) 8.0 (2.0 - 46)
NGAL change (ug/gCr) 01(-13-14) -03(-23-27)
KIM-1 Pre (ng/gCr 3.1(0.96 - 11) 35 (0.6 - 54)
KIM-1 change -06(-36-12) -02(-12-22)
Hsp corr Pre (N LOD) 4 4
Hsp corr Post (N> LOD) 4 3
Creatinine Pre (g/L) 15 (04 - 2.0) 18 (05-38)
Creatinine change 037(-03-19) 0.01 0.01(-09-15)
Osmolality Pre 837 (356 - 1023) 731 (220 - 1060)
Osmeolality change 90 (-272 - 320) 77 (-394 - 616)
U-fructose Pre (umol/gCr) 80 (63 - 191) 164 (69 - 1030)
U-fructose change 116 (2 - 295) <0.001 131 (-617 - 550)
U-uric acid total Pre (mg/gCr) 363 (171 - 549) 429 (299 - 667)
U-uric acid change (mg/gCr) -6 (-167 - 150) 6(-121-186)

P=006 for association between the mean of the cross-shift
changes of serum creatinine at Cut1 and Cut2, and change of eGFR
over 9 weeks).

3.3. Differences between cane cutters and referents

While there were no significant group differences in most in-
dicators of renal function at baseline (comparison of Cut1 and Ref1
in Table 3), at follow-up cane cutters had significantly higher
serum creatinine (pre- and post-shift), serum urea N (pre- and
post-shift), and urinary NGAL (pre- and post-shift), and lower
eGFR than referents (comparison of Cut3 and Ref2 in Table 3).
Post-shift urinary uric acid was higher in cane cutters both the
first day and at follow-up. Cane cutters and referents had similar
pre-shift levels of serum potassium but at end of follow-up the
post-shift potassium levels were significantly lower in cane cutters
than in referents. Serum phosphate showed a different pattern.
Pre-shift phosphate was higher in cane cutters than in referents,
while post-shift levels at follow-up were not significantly different
(Table 3). The statistically significant group differences remained
after exclusion of a cutter with low baseline eGFR with one ex-
ception; the P-value for eGFR comparing Cut3 with Ref2 changed

from 0.03 to 0.06.
34. Additional analyses

As mentioned in the Methods section, we only had seven post-
shift urine samples from sugarcane cutters at the end of harvest
(“Cut4” in May 2013). However, noteworthy is that those samples
showed very high urinary uric acid values, with total urinary uric
acid levels varying from 786 to 2413 mg/g creatinine (unadjusted
uric acid 82-204 mg/dL), with a median of 1664 mg/g creatinine
(unadjusted 134 mg/dL). All of these subjects were found to have
urate crystals (dihydrate) in their urine. Interestingly, the days of
collection represented some of the hottest days of the year for this
region.

4. Discussion

In the present study a group of sugarcane cutters was examined
on the first day at start of harvest, after 6 days, and again after
9 weeks. The most remarkable finding was a clear and significant
decrease in pre-shift renal function after 9 weeks of work, with a
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0.009
0.003
0.03
< 0.001
< 0.001
0.007
< 0.001

P for group diff Cut3 vs. Ref2
0.42

0.07
0.15
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0.38
0.91
0.29

P for group diff Cutl vs.
=< 0.001

Ref1

P for change Ref2 vs.

Refl
0.02
0.74
0.07
0.29
0.01
0.11
0.24
1.0

0.94, 0.90 (0.70 —
112, 117 (78 — 138)

9.7, 9.8 (4.3 - 15)

10.8, 11.0 (6.7 — 15) 0.11
41,42 (3.3 - 5.5)

0.88, 0.85 (0.63 —
3.3,3.5 (22 - 4.0)

42,43 (36 -51)
40,3.8 (28 - 5.0)

—25
116, 116 (75 — 151)
103, 9.6 (5.2 — 18)
118, 11.6 (7.1 — 23)
44,44 (3.8 - 5.0)

14)

Referents, N

0.83, 0.81 (0.45 —
0.93, 0.86 (0.67 —
41,41 (3.2 — 5.4)
3.5, 35 (2.3 - 4.6)
4.0, 40 (2.6 — 5.6)

Refl

P for change Cut3 vs.
Cutl
= 0.001

0.002
0.002
0.02
0.002
0.44
0.02

1.18, 0.95 (0.69 —
1.26, 1.10 (0.73 —

3.3)
eGFR Pre, mL/min/1.73 m2 109, 111 (37 — 141) 99, 108 (22 — 134)*

S-Urea N Pre, mg/dL

S-Urea N Post

cut3
42,42 (2.6 - 5.3)

4.0,4.0 (2.8 - 5.3)
3.8,3.8 (3.1 -586)

23

13.0,12.5 (74 — 23) 16.3,14.3 (72 — 34) 0.007

44,43 (3.6 -53)

113,104 (5.9 — 19) 15.9, 15.9 (6.9 — 46)

Cutters, N

Cutl

0.98, 0.91 (0.65 —
].'06, 0.99 (0.78 —
3.9,4.0(32 -4.7)
4.5, 46 (2.9 - 5.6)

S-creatinine Pre, mg/dL
S-phosphate Pre, mg/dL

S-phosphate Post

S-creatinine Post
S-K Pre, mmol/L

S-K Post

Longitudinal changes in pre-shift and post-shift levels (mean, median (range)) of selected indicators of renal function (9 weeks in sugarcane cutters and 5 months in referents) in those individuals (23 sugarcane cutters and 25

referents) who tock part in both examinations. P-values (mixed effect model) for changes between testing days and for differences between groups are given.

Table 3
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16% increase in mean serum creatinine, a 40% increase in serum
urea N, 10% decrease in estimated GFR and two new cases of re-
duced eGFR ( < 60 mL{min).

While the rise in post-shift serum creatinine could reflect de-
hydration with a loss of extracellular volume (prerenal dysfunc-
tion), this is not likely for the pre-shift samples. We cannot exclude
a slight increase in muscle mass over the nine-week period, but
their mean body weight in fact decreased. The substantial increase
in pre-shift NGAL also supports a deleterious effect of sugarcane
work on kidney function. Therefore, the rise in serum creatinine
and the decrease of eGFR in pre-shift samples likely reflect true
renal injury, and are less likely to reflect alterations in hydration
status, diet, or changes in muscle mass.

There were also some changes in markers of kidney function in
the reference group, although more modest. We have no obvious
explanation for the increase in serum creatinine in the referents
over 5 months, but one possibility is that there is a seasonal effect
on serum creatinine in this region with slightly higher levels when
ambient temperature is higher, as has been suggested in some
previous studies (Dalpino et al, 2005; Masugata et al,, 2011). The
mean body weight increased (mean 1.6 kg) in the referents, but it
is not likely that this reflected any increase of muscle mass. Their
serum urea N did not change but NGAL increased, but less than in
the cane cutters.

We are aware of only two longitudinal studies, with a follow-up
of workers over a harvest season, in Brazil (Paula Santos et al,
QI 2015) and in Nicaragua (Laws et al,, 2015a, 2015b). The Brazilian
& study showed no increase in serum creatinine in 28 cane cutters
§ over an eight months harvest season, while the study of 51 cane
g’

0.22
0.02
0.001
0.18
0.04

0.02
0.10
0.06
0.08
0.002

0.11
0.01

cutters in Nicaragua found a mean increase in pre-shift serum
creatinine of 0.07 mg/dL (8%), and a drop in eGFR of 3 mL/min over
five months (Laws et al., 2015a). In a larger combined group of
sugarcane field workers the decrease in eGFR was significantly
larger than in a group of non-field workers. This study also found
that NGAL, IL-8, and NAG increased more over the harvest season
in field workers compared to non-field workers (Laws et al,
2015b). Our results show the same general pattern as in the study
by Laws et al, but the increase in serum creatinine and the de-
crease in eGFR were larger in the present study in spite of a
shorter follow-up period. Hsp72 has been suggested to be a good
biomarker for predicting and detecting acute kidney injury (Mor-
ales-Buenrostro et al,, 2014). In an experimental rat model of AKJ,
Hsp72 is a reliable biomarker for stratifying different degrees of
tubular injury and recovery, as well as for monitoring a re-
noprotective intervention (Barrera-Chimal et al., 2011), and kidney
levels of Hsp72 increase in mice exposed to heat (Islam et al,
2013). Therefore, the tendency towards a cross-shift increase of
Hsp72 is biologically plausible, but the evaluation of this bio-
marker in the present study is hampered by the limited number of
sugarcane cutters with detectable Hsp72 levels.

Another interesting result in the present study was the fact that
pre-shift serum creatinine seemed to increase (although not sta-
tistically significant} already in the first six days of the harvest
work. This could possibly indicate that this is a sensitive period,
before the workers have been acclimatized to the hard work in a
hot environment. In line with this, the cross-shift increase of ser-
um creatinine was largest on the first day, when there was also a
significant weight loss, and the cross-shift increase in serum
creatinine could reflect a loss of extracellular volume (prerenal
dysfunction). The significant increase in KIM-1 in the first week
may support this hypothesis, although we cannot explain why
KIM-1 returned to normal after 9 weeks.

The aim was to select young healthy men for the study, and
therefore individuals with serum creatinine >1.0mg/dL at a
screening session were excluded. In spite of this, shortly after the
screening, at the baseline sampling, several individuals had serum

23.7,8.0(0.3 - 214) 0.02
26.7,5.6(0.2 — 230) 0.02

367, 368 (46 — 610) 454, 423 (280 —

8.6, 6.4 (0.04 — 23)
8.4, 44 (0.09 - 28)

369, 354 (8.3 —

700)

= 0.001
04

0.003
< 0.001

0.12
0.

106, 32 (1.7 — 960)
647, 498 (160 —

3.8,3.9 (2.5 - 5.0)
1540)

72,17 (3.8 — 351)
2030)

530, 450 (64 — 950) 725, 550 (330 —

44, 44(31-47)
18, 10 (0.2 — 57)
15,11 (1.0 — 87)
472, 433 (240 —

1160)
2 Three individuals, all cutters, had eGFR < 60 mL/min.

® 22 cutters and 24 referents.

U-NGAL Pre, pgfgCr
U-uric acid Pre,” mg/gC

U-NGAL Post
U-uric acid Post®
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creatinine higher than the screening cut-off value. The reason for
this may be the fact that the analyses were performed at two
different laboratories, andjor temporal variability in serum crea-
tinine levels.

The cross-shift decrease of serum potassium in the cutters was
of the same size as recently found in the aforementioned study in
El Salvador (Garcia-Trabanino et al,, 2015}, and is likely the result
of activation of the renin-angiotensin-aldosterone system (RAAS),
which increases the excretion of potassium. It is unclear why the
cane cutters had higher pre-shift (but not post-shift) serum
phosphate than the referents. Possibly dietary habits differ over
time and between cane cutters and referents.

Cross-shift changes of serum creatinine and serum urea N were
in agreement with a recent larger study of 189 sugarcane workers
in El Salvador (Garcia-Trabanino et al., 2015). In that study there
were also cross-shift changes in electrolytes and stronger effects
on cardiovascular function. In the study in El Salvador, the cane
cutters were examined in the field, immediately after shift. In the
present study the post-shift examination of the cutters was per-
formed in their homes, several hours after the work had ceased.
Since the workers had then been able to rest, eat and drink, the
present study is less optimal for studying cross-shift changes than
the study by Garcia-Trabanino et al. (2015). The significant in-
crease in urinary NGAL during the work-day supports renal injury,
although there is a report that a rise in serum NGAL could simply
reflect dehydration (Nejat et al,, 2012). Also the Brazilian study by
Paula Santos et al. (2015) found a substantial cross-shift increase in
serum creatinine. They found a cross-shift increase of serum
creatinine > 0.3 mg/dL in 5 out of 28 cane cutters at the end of the
harvest season, ie. compatible with acute kidney injury (AKI)
(KDIGO, 2012). In the present study 3 out of 22 cane cutters at
mid-harvest had an increase of >0.3 mg/dL. AKI is relatively
common in hospitalized patients, often in association with renal
ischemia (Bucaloiu et al., 2012). Because it is usually reversible, it
was previously not assumed to be a risk factor for chronic kidney
disease (CKD). Long-term follow-up of patients with episodes of
AKI have, however, shown that these patients run an increased
risk of CKD (Bucaloiu et al., 2012). This has also been demonstrated
in experimental studies of ischemic AKI in rats (Barrera-Chimal
et al, 2011; Rodriguez-Romo et al, in press). Since repeated epi-
sodes of AKI seem to occur in sugarcane cutters, it is a reasonable
hypothesis that this in the long-term increases the risk of CKD. The
association between the cross-shift increase of serum creatinine
and the decrease of eGFR over nine weeks in the cutters lends
further support to this hypothesis. To the best of our knowledge no
previous study examined cross-shift changes and development of
kidney function over a longer period. Unfortunately the group size
is small, and therefore we cannot exclude that this finding is due
to chance. Interestingly, already in 1970, a small case series of
South African miners with AKI from heat stroke showed devel-
opment of CKD with interstitial fibrosis and tubular atrophy at
follow-up after 8-21 months (Kew et al,, 1970).

Recently elevated urinary concentrations of uric acid have been
proposed to contribute to the development of MeN, either through
direct effects of soluble uric acid or due to actions of urate crystals
on tubular epithelium (Roncal-Jimenez et al, 2015, 2016). The
present study confirmed increases of urinary uric acid levels over
the working day in the sugarcane cutters (Table 2A), while this
was not the case in the reference group (Table 2B). Interestingly, in
the seven cutters with urine samples collected post-shift during
very hot days in May at the end of the harvest the urinary uric acid
levels were very high, and much higher than in the referents
sampled in May. This might be due to relatively greater dehydra-
tion at that time.

A main limitation of the present study is the modest number of
subjects. Other limitations include different timing of the follow-

up between the two groups, with the follow-up of the sugarcane
cutters at 9 weeks (in January 2013), while the follow-up of the
referents occurred at the end of harvest in May 2013. While the
study was supposed to include a follow-up in May for the su-
garcane workers, 50% of the enrolled cane cutters were fired at the
middle of the harvest because they were participating in the study.
Second, we also had to collect blood and urine samples from cane
cutters at their home instead of examining them on site im-
mediately after they ended the work-shift. This allowed the
workers to rehydrate themselves if they had become dehydrated
in the field. A third limitation is the fact that the cane cutters had
on average a lower socioeconomic status than the reference group.
They had fewer years of schooling than the referents and they
were shorter and had a lower body weight. These differences at
baseline should, however, not be important for the analyses of
cross-shift or longitudinal changes. A final limitation is that ana-
lyses were performed on frozen samples, and long-term storage
can decrease concentrations of KIM-1 and NGAL {Nauta et al,
2012). Despite these limitations, the longitudinal increase in ser-
um creatinine, serum urea N, and urinary NGAL resulted in sub-
stantial and statistically significant differences between cane cut-
ters and referents at follow-up. In addition, there were group
differences in serum levels of potassium and phosphate. Post-shift
urinary uric acid levels were higher in the cane cutters both at
start of harvest and at follow-up.

An explanation is warranted about the situation surrounding
the firing of the study participants in this region where there are
practically no alternative employment opportunities. The workers
were not fired directly by the sugar company; the task was dele-
gated to the subcontractors who had hired the workers. The Ni-
caraguan partners of our research team, with support from the
authorities of their university, immediately demanded that the
company reinstate these workers, but without success. The prin-
cipal investigator of a research group working with the company
flew down to Nicaragua to mediate with the company. The
workers were rehired six weeks later, during which time the
project provided them with financial support. The fired workers
were not willing to continue their participation in the study. Most
of the other workers followed suit. Protecting the identity of
workers who participate in a study remains a major concern in
planning and executing studies in this region. In a broader context,
mounting scientific evidence of a link between sugarcane cutting
and Mesoamerican nephropathy, as well as press attention to
working conditions and labor rights, is impacting the company’s
attitude towards improvements.

In conclusion, we found a remarkable decrease of glomerular
kidney function, after only 9 weeks of harvest. If glomerular fil-
tration decreases by 10% only after half a harvest season, it is not
surprising that chronic kidney disease with severely reduced glo-
merular filtration is common in this sugarcane area. The cross-
shift increase in serum creatinine is probably caused by dehydra-
tion ( pre-renal dysfunction}), which when repeated on a daily basis
may cause permanently reduced GFR, and the present study pro-
vides some support for this hypothesis. There is a strong need for
preventive measures, including the provision of water, rest, and
shade.
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Heat Stress Nephropathy From Exercise-Induced Uric Acid
Crystalluria: A Perspective on Mesoamerican Nephropathy

Carlos Roncal-Jimenez, BS,”* Ramdn Garcia-Trabanino, MD,”* Lars Barregard, MD,’
Miguel A. Lanaspa, PhD," Catharina Wesseling, MD, PhD, Tamara Harra, BS,’
Aurora Aragén, MD, PhD,” Felix Grases, MD,° Emmanuel R. Jarquin, MD,”
Marvin A. Gonzélez, MD,”® llana Weiss, MPH, MA,° Jason Glaser, BA,°
Laura G. Sdnchez-Lozada, PhD,"’ and Richard J. Johnson, MD""’

Mesoamerican nephropathy (MeN), an epidemic in Central America, is a chronic kidney disease of unknown
cause. In this article, we argue that MeN may be a uric acid disorder. Individuals at risk for developing the
disease are primarily male workers exposed to heat stress and physical exertion that predisposes to recurrent
water and volume depletion, often accompanied by urinary concentration and acidification. Uric acid is
generated during heat stress, in part consequent to nucleotide release from muscles. We hypothesize that
working in the sugarcane fields may result in cyclic uricosuria in which uric acid concentrations exceed sol-
ubility, leading to the formation of dihydrate urate crystals and local injury. Consistent with this hypothesis, we
present pilot data documenting the common presence of urate crystals in the urine of sugarcane workers from
El Salvador. High end-of-workday urinary uric acid concentrations were common in a pilot study, particularly if
urine pH was corrected to 7. Hyperuricemia may induce glomerular hypertension, whereas the increased
urinary uric acid may directly injure renal tubules. Thus, MeN may result from exercise and heat stress
associated with dehydration-induced hyperuricemia and uricosuria. Increased hydration with water and salt,
urinary alkalinization, reduction in sugary beverage intake, and inhibitors of uric acid synthesis should be
tested for disease prevention.

Am J Kidney Dis. 67(1):20-30. © 2016 by the National Kidney Foundation, Inc.
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An epidemic of chronic kidney disease (CKD) of
unknown cause is occurring along the Pacific
coast of Central America. Although it was first
described in 2002," the disease has likely been present
for decades.” The epidemic, known as Mesoamerican
nephropathy (MeN), is observed primarily in men
who are working manually in the sugarcane fields in
the hotter lower altitudes along the Pacific coast.”*
However, MeN also has been reported among
farmers of other crops (eg, cotton, corn, and beans),
miners, and fishermen, as well as construction, port,

and transportation workers living in the same re-
gion.” ™ Individuals typically are asymptomatic,” but
have an elevated serum creatinine level with absent or
minimal proteinuria.'’ Kidney biopsy, when per-
formed, reveals chronic tubulointerstitial disease,
often with glomerulosclerosis and evidence of kidney
ischemia.'’ Progression to end-stage renal disease is
common, and mortality is high due to the scarcity of
dialysis therapy. An estimated 20,000 people have
died from the epidemic.'” A variety of potential
causes have been proposed, including exposure to
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nephrotoxic pesticides and agrochemicals, use of  modest elevation in serum osmolarity during the day,
nonsteroidal anti-inflammatory agents, heavy metal  as well as reduced urine volumes with elevated uri-
exposure, leptospirosis, and chronic recurrent dehy-  nary osmolarity and high urine s?eciﬁc gravity
dration (the most favored hypothesis).‘z'4 consistent with a water-depleted state.” 122 While it is
Could MeN Be a Uric Acid Disorder? likely that workers expgrience both sodium al}d water
loss, the latter predominates because sweat is hypo-

In 1974, Knochel et al'* suggested that hyperuri-  tonic. Thus, individuals working in the sugarcane

cemia and uricosuria might have an etiologic role in  fields develop signs of dehydration on a daily basis.
the condition of “heat stress” nephropathy. Serum uric

acid levels commonly increase after exercise in hot Subclinical Rhabdomyolysis

conditions, such as from marathon running and off- Exercise in the heat can result in mild muscle in-
road motocross, often in association with acute kid-  jury together with an increase in blood levels of
ney injury (AKI).""'" Despite such studies, the creatine kinase—features consistent with subclinical
pathologic mechanism has not been further explored. ~ rhabdomyolysis—in association with biomarkers of
Here, we revisit the hypothesis that hyperuricemia  kidney damage and decreased kidney function.'*'***
and cyclical uricosuria associated with volume  The heat component has been shown to be an impor-
depletion (salt loss) and dehydration (water loss)'®  tant factor in increasing the susceptibility to rhabdo-
have a contributory causal role in MeN. Specif- myolysis.”’ Intense exercise in the heat of sugarcane
ically, we hypothesize that MeN is initiated by the  fields has been reported to result in mild muscle injury,
combination of heat, exercise, and recurrent dehy- ~ with a doubling of creatine kinase level.”* Thus, in-
dration (Fig 1). dividuals working in sugarcane fields are at increased
risk for muscle injury that is not uncommonly asso-

Dty Dertycrdon ditir Yoxume Depietion ciated with subclinical rhabdomyolysis.

People who work in sugarcane fields are exposed to o
significant heat that tends to exceed recommended Hyperuricemia
work practices made by the US Occupational Safety Although subclinical rhabdomyolysis is thought to
and Health Administration.'”*’ Although some sug-  carry relatively minimal risk for the development of
arcane workers drink as much as 1 to 2L per hour  decreased kidney function, it releases substrate
while they work, they have been shown to develop a  (nucleic acids) from the damaged muscle that could

Exercise, heat, and recurrent dehydration

v | N\

Low grade muscle injury Volume (salt) loss Dehydration (water) loss
l’f‘uric acid load \ l / l’l‘Serum osmolarity
Teidcema “MUric acid concentration Vasopressin
vP JUrine pH with crystalluria Aldose reductase
l l Fructokinase
Glomerular effects Tubular injury T

Rehydration with
\ l sugary beverages
Repeated acute kidney injury
Chronic kidney disease

Figure 1. Proposed mechanism for Mesoamerican nephropathy. Exercising under hot conditions with inadequate hydration results
in both dehydration (water loss), with an increase in serum osmolarity, and salt loss (volume depletion). An increase in serum uric acid
levels occurs from subclinical muscle injury (increased substrate release) and water and salt depletion (increased reabsorption).
Volume depletion concentrates the urine, while acid load (ie, lactate) and the effects of aldosterone on the kidney acidify it. As the
workday proceeds, uric acid concentrations exceed their solubility due to both high concentrations and urine acidity. Serum uric
acid results in glomerular hypertension, while urinary uric acid injures tubules through crystalline and noncrystalline effects.
Low-grade proximal tubular injury also occurs from an osmolarity-induced increase in circulating vasopressin and activation of aldose
reductase and fructokinase in the proximal tubule, the latter of which may be amplified by drinking fructose-containing soft drinks or
other sugary beverages. Kidney injury occurs and is amplified on a daily basis with recurrent exposure to heat, exercise, and dehy-
dration. Over time, chronic kidney disease develops.
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282



AJKD

Roncal-Jimenez et al

7

increase uric acid generation."* Serum uric acid levels
also increase in the setting of volume depletion and a
decreased kidney perfusion.”” Hyperuricemia has
been reported to be common in MeN.''*’ For
example, in a recent study of 189 sugar cane workers
in El Salvador, we showed that workers’ mean serum
uric acid levels were 6.5 mg/dL in the morning and
7.2mg/dL in the afternoon.”’ Moreover, 21 of 23
individuals in this study with estimated glomerular
filtration rates < 60 mL/min/1.73 m* had hyperuri-
cemia. Thus, hyperuricemia is common in sugarcane
workers and often worsens during the course of the
workday.

Osmotic Effects on the Kidney

Sweating results in hypotonic fluid losses,
increasing the risk for hyperosmolarity and dehydra-
tion (water loss). We have previously reported that
hyperosmolarity associated with water depletion
causes activation of the polyol (aldose reductase)-
fructokinase pathway in the kidney, which leads to
intrarenal fructose generation that is subsequently
metabolized, releasing uric acid as a side product.”
This pathway not only provides an additional mech-
anism for uric acid generation, but also has been
shown to mediate proximal tubular injury due to
fructose-dependent decreases in adenosine triphos-
phate within the cell and the induction of oxidative
stress.”® We found kidney cortical accumulation of
uric acid in an animal model of heat-induced dehy-
dration-associated kidney injury, in association with
the development of mild CKD and fibrosis.”> Thus,
recurrent dehydration in itself is capable of causing
some proximal tubular damage.

Urinary Acidification

Urine pH in the general population averages be-
tween 5.9 and 6.0,”*’ whereas that in sugarcane
workers is commonly more acidic. In a recent study of
sugarcane workers in Costa Rica, we found that pH
was markedly lower in postshift urine samples: urine
pH was =5 (by dipstick) in >80% of individuals, and
50% had elevated urinary specific gravity (>1.025).”'
This urinary acidification is likely due to both the
release of lactic acid from the muscle (production)
and the effects of volume (salt) depletion, which lead
to increased proximal absorption of sodium and bi-
carbonate, as well as distal stimulation of aldosterone.
Thus, urinary acidification occurs commonly in sug-
arcane workers and is likely a consequence of both
volume (salt) depletion and lactate generation.

Studies in Sugarcane Workers

In our recent observational study of 189 cane cutters
in El Salvador near the end of the 6-month harvest,”’
we examined serum and urine samples before and af-
ter work shifts and found that ~20% of workers had

22

preshift serum creatinine levels = 1.2 mg/dL, consis-
tent with some underlying reduction in kidney func-
tion. Indicators of dehydration were present, as noted
by a significant increase in urine osmolarity during the
workday, especially in individuals with normal pre-
shift serum creatinine levels.”’ A blunted increase in
urine osmolarity was observed in individuals with
elevated preshift serum creatinine levels, which likely
reflects the urine concentrating defect known to occur
in CKD, but could also be a consequence of the
impaired function of the urine concentrating response
that has been recognized to exist in the setting of
chronic dehydration.”’ Fluid intake was similar be-
tween groups (5.2L in individuals with serum
creatinine < 1.2 mg/dL vs 5.0 L in individuals with
serum creatinine = 1.2 mg/dL), as were changes in
body weight (—0.1 vs +0.3 kg, respectively).

We have now performed a small pilot study that
includes 10 male sugarcane workers from the
mentioned observational study. Participants for the
pilot study were selected based on morning serum
creatinine level; we included 5 individuals with an
elevated (=1.2 mg/dL) preshift creatinine concentra-
tion (mean age, 38 years; mean number of harvests,
14) and 5 with preshift creatinine levels < 1.2 mg/dL
(mean age, 30 years; mean number of harvests, 11).
The objective of the pilot study was to look for evi-
dence of cyclic uricosuria; brief methods are provided
in Item S1.

In our pilot sample, serum uric acid levels
increased similarly during the day in all individuals
(Table 1) and reached hyperuricemia (defined
as =7.0mg/dL) in all 5 individuals with baseline
elevated serum creatinine levels and in 2 of 5 in-
dividuals with normal baseline serum creatinine
values. This contrasts with the normal pattern in
which serum uric acid levels decrease during the af-
ternoon.”’ Urine pH was measured by dipstick in the
field and again in the laboratory with a pH meter,
using samples that had been frozen and subsequently
thawed. Consistent with another study,”’ urine pH
was lower in the post- versus preshift urine samples of
sugarcane workers; this difference reached signifi-
cance in samples measured using the pH meter.

Uric acid solubility is strongly influenced by uri-
nary uric acid concentration and pH, with decreasing
solubility as urine acidity increases.”” Interestingly,
uric acid concentrations remained in the 20- to 50-mg/
dL range in our pilot study (Table 1; of note, we show
actual uric acid concentrations because it is not the
uric acid—creatinine ratio that is important for solu-
bility, but rather the uric acid concentration itself).
Nevertheless, polarized light microscopy of the uri-
nary sediment showed the presence of amorphous and
box-shaped dihydrate uric acid crystals that were
negatively birefringent in most samples (Fig 2). In

Am J Kidney Dis. 2016;67(1):20-30
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Table 1. Pre- and Postshift Serum and Urine Values From 10 Male Agricultural Workers, by Preshift Scr Level

Preshift Scr Preshift Postshift P?
<1.2 mg/dL
Serum osmolarity, mOsm/L 275 (269-287) 275 (263-292) 0.9
Scr, mg/dL 0. 86 (0.80-1.01) 1. 03 (0.95-1.22) 0.03
Serum uric acid, mg/dL 8 (5.3-6.4) 0 (6.3-7.7) 0.007
Urine specific gravity 1 014 (1.010-1.020) 1. 028 (1.025-1.030) <0.001
Urine osmolarity, mOsmv/L 399.2 (163-620) 798.6 (382-1031) 0.03
Urine pH
By dipstick in the field 5.9 (5-7) 5.2 (5-6) 0.2
By pH meter in the lab 6.36 (5.9-6.9) 5.80 (5.5-6.2) 0.03
Urine uric acid, mg/dL
Before correction to pH 7 30.5 (23-46) 42.4 (29-79) 0.3
After correction to pH 7 34.7 (26-58) 83.5 (55-119) <0.01
=1.2 mg/dL
Serum osmolarity, mOsm/L 275 (268-281) 278 (269-292) 0.6
Scr, mg/dL 1 42 (1.21-1.97) 1; 56 (1.22-2.12) 0.5
Serum uric acid, mg/dL 5 (6.4-8.8) 7 (7.0-10.4) 0.2
Urine specific gravity 1. 017 (1.015-1.020) 1. 025 (1.015-1.030) 0.06
Urine osmolarity, mOsm/L 656.6 (387-994) 707.2 (505-1045) 0.8
Urine pH
By dipstick in the field 5.7 (5-6) 5.4 (5-7) 0.6
By pH meter in the lab” 6.08 (5.7-6.2) 5.75 (5.6-5.9) 0.04
Urine uric acid, mg/dL
Before correction to pH 7 25.5 (17-29) 51.4 (25-67) 0.01
After correction to pH 7 75.7 (21-176) 77.6 (26-150) 0.9

Note: Measurements are presented as mean (range).
Abbreviations: lab, laboratory; Scr, serum creatinine.

By paired ttest, to determine whether urinary uric acid levels change with correction of pH for each of the 2 groups. P < 0.05 was

considered significant.

PAfter a freeze-thaw cycle. Urine pH can increase slightly with storage, especially if not frozen.*

work in progress, we have also documented elevated
uric acid levels with pronounced urine sediments in
sugarcane workers from Nicaragua (Fig 3).

In the samples from our El Salvadoran pilot study,
correction of the urinary pH to 7 with sodium bi-
carbonate (using a proccdurc adapted from previously
published methods i ") resulted in solubilization of

Figure 2. Representative dehydrate urate crystals in a morn-
ing urine specimen from an El Salvadoran sugarcane worker
participating in the pilot study. Crystals are box-like and nega-
tively birefringent when viewed with crossed circular polarizers
(original magnification, xX32).

Am J Kidney Dis. 2016;67(1):20-30

these crystals, causing an increase in urinary uric acid
levels (Table 1). The greatest increase in urinary uric
acid levels occurred in postshift urine specimens and
in the preshift urine samples from individuals with
serum creatinine levels = 1.2 mg/dL, often to levels
> 80 mg/dL. Compared with individuals having
normal kidney function, those with decreased kidney
function appeared to have higher uric acid levels (at
pH 7) in preshift urine samples, but the differences in
this small sample were not significant.

An important note is that not all individuals develop
marked uricosuria, as is evident in the range of values
in Table 1. In the original study from which the pilot
study participants were drawn, qualitative assessment
of urine found urate crystals in just 16% of preshift
samples and 22% of postshift samples.”’ Nevertheless,
some sugarcane workers are developing uricosuria in
which urinary uric acid concentrations exceed solu-
bility due to both high concentrations and urine
acidity.

Sugarcane cutters and other workers in Central
America often report dysuria that is not due to urinary
tract infection; this could be attributable to passing
“sandy urine,” which may represent early stone for-
mation.””> The condition (known as “chistata” in
Nicaragua, “chistate” in Costa Rica, and “mal de orin”

23
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Sample Uric Acid (mg/dL) Sample Uric Acid (mg/dL) Sample Uric Acid (mg/dL)
Time |Supernatant|Sediment| Total Time |Supernatant|Sediment| Total Time |Supernatant|Sediment| Total
AM 54.2 36.7 90.8 AM 88.2 437 | 131.9 AM 37.6 2.6 40.2
PM 66.8 18.4 85.2 PM 106.2 22.7 | 128.9 PM 53.7 6.9 60.6

Figure 3. Urine sediment and uric acid concentrations in sugarcane workers in Nicaragua. Pre- and postshift urine sediments from
3 sugarcane workers from an epidemiologic study (C.W., manuscript in preparation). Urine uric acid was measured in both the super-
natant and pellet of centrifuged samples (pellets were solubilized with phosphate-buffered saline, pH 7.2). Uric acid levels varied
greatly, with 1 individual showing excessively high levels (130 mg/dL), while another showed normal levels (40-60 mg/dL).

in El Salvador) is significantly more frequent among
sugarcane cutters than other workers with less or no
heat exposure and is associated with other symptoms
of volume depletion (lightheadedness, headache, and
tachycardia).”®

Thus, on the basis of the available evidence and our
pilot study, we conclude that crystalluria is likely
common among sugarcane workers.

Urate Crystalluria as a Mechanism of Tubular Injury

In addition to the potential proinflammatory effects
of urate crystals on kidney tubules, high concentra-
tions of noncrystalline uric acid induce inflammation
and phenotypic transition of the tubular cells, resulting
in tubular injury and fibrosis.”**” ** Thus, uricosuria
and uric acid crystalluria could provide a mechanism
for the predominant tubular injury'" observed in MeN.

Systemic Hyperuricemia as a Mechanism for
Glomerular Injury

Systemic hyperuricemia also increases the risk for
CKD due to the development of afferent arteriolar
disease altering kidney autoregulation, with increased
systemic and glomerular pressure, arteriolar vaso-
constriction, a reduction in kidney blood flow,
and proinflammatory, pro-oxidative, and vasoactive
effects.*’

Other Additive Mechanisms

Volume (salt) depletion, as well as dehydration
(water loss), is also a potent stimulus for vasopressin.
Dehydration has been reported to accelerate CKD in
animals,” possibly through effects of vasopressin on
glomerular hemodynamics and tubular function.”” **

Thus, MeN may represent a type of heat stress ne-
phropathy driven by the effects of serum and urinary
uric acid on the kidney coupled with other mecha-
nisms, such as vasopressin release (Fig 1).

24

Why Is There an Epidemic of MeN Now?

There is evidence that CKD due to MeN has been
present for more than 30 years, but that its prevalence
has been progressively increasing over recent de-
cades.'”*’ This increase may be related to better
awareness and improved diagnosis of the disease;
however, additional factors should be considered. The
first is global warming, which increases the risk for
dehydration.™ Temperatures have been progressively
increasing in El Salvador over the last century, with
an average increase of 0.5°C since 1980."" Although
the overall increase in temperature may appear small,
it has been shown that the small average temperature
changes associated with global warming are respon-
sible for 75% of the moderate daily hot extremes over
land.” The second factor that might help explain the
recent increase in MeN is that there is more heavy
labor, on account of greater sugarcane production
throughout the region. Likewise, the productivity
demands placed on individual cutters have risen as the
sugar sector has become more industrialized. A final
factor is the possibility that the type of liquids used
for rehydration may play a role in the epidemic. There
has been a marked increase in intake of sugary bev-
erages throughout the world.”** Fructose, which is
present in soft drinks, can induce tubular injury in
laboratory animals.”” Sugary beverage intake is also
associated with increased risk for hyperuricemia and
nephrolithiasis™*”’ and may increase urine acidity due
to fructose-dependent stimulation of the proximal
tubule sodium/hydrogen exchanger.™

Relevance to Other Kidney Diseases

Acute Kidney Injury

Cyclic uricosuria may be also relevant to other
types of AKI. Table 2 shows several types of AKI
in which hyPeruricemia and/or uricosuria are com-

on."****7 An increase in serum and urinary uric
acid values with crystal formation can cause tumor lysis

Am J Kidney Dis. 2016;67(1):20-30
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Table 2. Possible Role for Hyperuricemia and Uricosuria in Other AKI Syndromes

Evidence for Role of Uric Acid

Condition Epidemiologic  Experimental®  Associated With Uricosuria  Evidence That Allopurinol Can Prevent”

Tumor lysis—associated AKI yé! ye2 Yo i
Hypouricemia with AKI o4 ) i yes
Rhabdomyolysis

Seizure induced b

Marathon induced b

Snake bite induced b i

Statin induced ) i
Radiocontrast yg9.70 Y7274.76 y75.116
Cisplatinum AKI ) A
Post-CV surgery AKI YT

Abbreviations: AKI, acute kidney injury; CV, cardiovascular.
#That is, in laboratory animals.
PFrom clinical studies.

syndrome-associated AKLY In addition, there is a
condition of hypouricemia and chronic uricosuria due
to mutations in the genes encoding the proximal tubule
urate transporters (SLC2A9 and SLC22A412).""™ In-
dividuals with this condition are asymptomatic until
they exercise; upon exertion, they have an increased
risk for AKT. Itis possible that in the setting of exercise,
volume depletion and urinary acidification occur,
resulting in uricosuria that exceeds its solubility,
resulting in the development of AKL** Consistent with
this idea is the observation that AKI in these patients
can be prevented with allopurinol treatment, even
though they have baseline hypouricemia.””

Rhabdomyolysis is also associated with marked
hyperuricemia and uricosuria.*> To our knowledge,
studies investigating whether lowering uric acid levels
is beneficial for individuals with thabdomyolysis have
not been performed. Nevertheless, the use of allopu-
rinol as adjunctive therapy to lower uric acid levels
has been recommended.” Rhabdomyolysis is also
associated with lactic acid generation and volume
depletion, both conditions in which urinary acidifi-
cation occurs, which might predispose to urate crys-
talluria formation. Interestingly, the genetic disorder
McArdle disease is associated with exercise-induced
rhabdomyolysis, yet AKI rarely develops as a result.
We speculate that this is because rhabdomyolysis in
McArdle disease is not associated with lactate pro-
duction, making it one of the few types of rhabdo-
myolysis in which urine pH is usually alkaline (hence
leading to urate solubility).

Radiocontrast administration also carries an
increased risk for AKI in hyperuricemic individuals™"
and is associated with marked uricosuria.”””*’ Two
controlled trials have reported that prophylactic allo-
purinol therapy can markedly prevent contrast-
associated AKI,75 7 but additional confirmation is
needed. AKI following cardiovascular surgery may

Am J Kidney Dis. 2016;67(1):20-30

also involve this pathway.''*> We have reported that

hyperuricemia is a major risk factor for AKI and
confers greater risk than baseline decreased kidney
function.”® Bicarbonate therapy has also been reported
to be protective against the development of post-
surgical AKI in a pilot clinical study,”® but not in a
larger follow-up study.”” However, in the larger study,
the bicarbonate solution was concentrated and hyper-
tonic and resulted in some hypernatremia and systemic
alkalosis, thus complicating the interpretation of these
findings.***’

Chronic Kidney Disease

Hyperuricemia and uricosuria may also be potential
modifiable risk factors for CKD. There is already
strong evidence from experimental, epidemiologic,
and pilot clinical studies that hyperuricemia is an in-
dependent risk factor for CKD, that experimental
hyperuricemia can both cause and accelerate CKD,
and that lowering uric acid levels may slow kidney
disease progression in humans (reviewed i’y
Experimentally, the lowering of serum uric acid levels
protects CKD by reducing systemic and glomerular
hypertension,‘“ and consistent with this observation,
reducing serum uric acid levels with either an xanthine
oxidase inhibitor or a uricosuric agent can block
glomerular injury.””> However, what is striking is
that in one study in an experimental rat model of
CKD,” the uricosuric agent provided no protection
against the tubulointerstitial injury, whereas the
xanthine oxidase inhibitor was protective. This is
consistent with the glomerular injury being mediated
by hyperuricemia,”*”® whereas the tubular injury may
be attributable more to the urinary uric acid effects.

This hypothesis could provide a mechanistic expla-
nation for why dehydration and low urinary volumes
may be risk factors for CKD progression,””” because
dehydration would lead to urinary concentration and
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acidification. In a longitudinal study, low (<5.5)
versus higher (6) urine pH has been reported to increase
the risk for CKD.” A recent study in healthy Japanese
individuals found that 4.4% have acidic urine con-
taining sizeable uric acid crystal-rich sediments.'”
There also is increasing evidence that bicarbonate
treatment slows the progression of CKD.'"""'* It was
postulated that bicarbonate therapy blocks the effects
of systemic metabolic acidosis, but some studies show
its benefit occurs even when serum bicarbonate level is
normal.'”” One possibility is that the bicarbonate
therapy slows the progression of kidney disease by
alkalinizing the urine. Factors known to accelerate
CKD, such as high-protein diets, acidify the urine,
whereas agents that slow kidney disease progression
(eg, angiotensin-converting enzyme inhibitors, angio-
tensin receptor blockers, and aldosterone antagonists)
tend to alkalinize the urine; this suggests that the
benefit of these latter treatments could be due in part to
urine alkalization.

The hypothesis could also resolve a paradox.
Multiple studies show that hyperuricemia is a potent
independent predictor for the development of CKD
(reviewed in”"), yet a genetic study'”" suggested the
opposite; namely, that elevated serum uric acid levels
may protect individuals from CKD. Of note, the ge-
netic study was based on a polymorphism in the
SLC2A9-encoded urate transporter, which increases
serum uric acid levels by increasing reabsorption of
urinary uric acid, thereby reducing urinary uric acid at
the expense of higher serum uric acid levels. Hence,
this polymorphism would uncouple the normal rela-
tionship of serum and urine uric acid. Although it
might not protect against the glomerular effects of
hyperuricemia, it could potentially reduce the risk for
tubulointerstitial disease by decreasing uricosuria.

Dehydration and heat stress nephropathy may
involve CKD in other regions of the world as well,
such as among workers in rice paddies in Northern Sri
Lanka.'”>'% CKD also is more common in Pacific
Island people, who live in hot climates, tend to drink
excessive amounts of soft drinks, and have high
serum uric acid levels due to genetic and nongenetic
causes.'”’ Further, heat stress has been reported as a
risk factor for CKD in Thailand.'”™ The high fre-
quency of CKD among the Tiwi (Australian aborigine
living in hot remote areas of the country)'” may
relate in part to the effects of climate coupled with
high sugary beverage intake. Similarly, the epidemic
of CKD in El Salvador is more common among
sugarcane workers living at hotter low altitudes
compared with those working the sugarcane fields at
cooler higher altitudes.’

Finally, it should be noted that other classes of
animals that lack uricase, such as reptiles and birds,
are very susceptible to dehydration-associated kidney

26

failure due to increases in serum and urine uric acid
levels.' %!

Limitations of the Hyperuricemia-Uricosuria
Hypothesis

Although we show that uricosuria and urate crys-
talluria are not uncommon in sugarcane workers,
there are nevertheless individuals who do not develop
crystalluria. A key epidemiologic question is whether
those who develop significant crystalluria are the
same as those who develop CKD. However,
answering this question will likely require longitudi-
nal studies.

Likewise, it will be important to determine whether
the development of kidney disease in this population
may be predicted by the presence of chistata, an
elevated serum uric acid level, or a low urinary pH. We
also recognize that other mechanisms may operate in
MeN, and that the hyperuricemia-uricosuria pathway is
a hypothesis. Nevertheless, the experimental and
epidemiologic evidence for the role of uric acid in
kidney disease continues to mount. Our hypothesis is
consistent with these data, and the preliminary data
presented here provide a new area of investigation for
studies aimed at the prevention and treatment of kidney
disease.

Proposal for Action

We present the hypothesis that MeN is a uric acid
disorder. We propose that uric acid microcrystals
(mainly sodium urate) develop when urinary uric acid
concentrations are high and that these crystals may
drive tubular injury, eventually causing the lesions
observed in MeN. Elevated serum uric acid levels may
also have a role in inducing some glomerulo-
sclerosis.””"' A key action item is to improve the
work conditions and hydration practices among the
Central American sugarcane workers at risk for
CKD. Adequate hydration with water and/or water
with electrolytes has been reported to prevent in-
creases in serum uric acid levels that occur with heat
and exercise.'” We also recommend studies to
determine whether the mechanism for CKD involves
proximal tubular injury with recurrent cyclic exercise-
induced uricosuria. For example, if urate crystals are
involved in the disease process, a clinical trial of
alkalinization with sodium bicarbonate may be an
effective way to prevent acute and chronic kidney
injury. Studies evaluating allopurinol or other xanthine
oxidase inhibitors are also suggested.

For the last several decades, the nephrology
community has focused on 4 major causes of CKD:
diabetes, hypertension, glomerulonephritis, and auto-
somal dominant polycystic kidney disease. Neverthe-
less, many people develop CKD relatively early in life
and without frank diabetes and with mild hypertension

Am J Kidney Dis. 2016;67(1):20-30
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or normal blood pressure.114 Moreover, in patients
with hypertension and CKD, we are often unsure if
their hypertension is a result or cause of their kidney
disease. Sadly, current treatments based on blood
pressure and glucose control are only partially effective
in slowing CKD.'"” We suggest that further studies
investigate the role of hyperuricemia, uricosuria, and
acidic pH in acute and chronic kidney diseases. We
believe this could represent a major mechanism driving
kidney disease.
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